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T h e  m o d e r n  s e m i - w e t  L e p o l  p r o c e s s  o f  P o r t l a n d  C e m e n t  
m a n u f a c t u r e  r e l i e s  o n  a  f i l t e r  p r e s s e d ,  13-151  m o i s t u r e ,  m i x  
o f  c l a y / s h a l e  p l u s  c h a l k / l i m e s t o n e ,  b e i n g  f i r s t  d r i e d  a n d  t h e n  
p a r t i a l l y  c a l c i n e d  o n  a  t r a v e l l i n g  g r a t e .  T h e  c e m e n t  c l i n k e r i n g  
r e a c t i o n  t h e n  t a k e s  p l a c e  i n  a  s h o r t e n e d  v e r s i o n  o f  a  c o n v e n t i o n a l  
r o t a r y  k i l n .
A s i g n i f i c a n t  i m p r o v e m e n t  i n  b o t h  p r o c e s s  e f f i c i e n c y  a n d  
c l i n k e r  o u t p u t  i s  e n v i s a g e d  i f  a  l a r g e r  p r o p o r t i o n  o f  t h e  
c a l c i n a t i o n  r e a c t i o n  c o u l d  b e  r e m o v e d  f r o m  t h e  k i l n  a n d  
t r a n s f e r r e d  t o  t h e  g r a t e  s e c t i o n .  T h i s  p r o c e s s  a l t e r a t i o n ,  
o f  c o u r s e ,  n e e d s  e x t r a  h e a t  a n d  t h i s  c a n  b e  s u p p l i e d  b y  s o m e  
f o r m  o f  f u e l  i n j e c t i o n  t o  t h e  g r a t e  c h a m b e r .  S u c h  a  p r o c e s s  
m o d i f i c a t i o n  i s  k n o w n  a s  p r e - c a i c i n i n g .
T h e  r e s e a r c h  d e s c r i b e d  i n  t h i s  t h e s i s  i n v o l v e s  t h e  
e s t a b l i s h m e n t  o f  t h e  f u n d a m e n t a l  a e r o d y n a m i c  m i x i n g  p a t t e r n s  
w h i c h  o c c u r  i n  r e a l  L e p o l  k i l n s ,  t h r o u g h  t h e  a i d  o f  a  1 : 24^  
s c a l e  p e r s p e x  r e p l i c a ,  b a c k e d - u p  b y  " c o l d 11 t r i a l s  o n  a  w o r k i n g  
p r o t o t y p e .  T h e s e  r e s u l t s  w e r e  t h e n  u s e d  t o  d e v e l o p ^  a  c o m p a t i b l e  
c o a l  f i r e d  b u r n e r  s y s t e m ,  w h i c h  w o u l d  d e l i v e r  a p p r o x i m a t e l y  30% 
o f  t h e  t o t a l  p r o c e s s  h e a t  r e q u i r e m e n t ,  d i r e c t  t o  t h e  g r a t e  
c a l c i n a t i o n  c h a m b e r .
T h e  f l o w  r e g i m e s ,  e x h i b i t e d  i n  t h e  m o d e l  b y  p o l y s t y r e n e  
b e a d s ,  s u g g e s t e d  t h a t  a p p r o x i m a t e l y  20% o f  L e p o l  g r a t e  a r e a  w a s  
n o t  b e i n g  u t i l i s e d  f o r  h e a t  t r a n s f e r .  A r e a s  o f  s l o w  m o v i n g  g a s e s  
w e r e  o b s e r v e d ,  t h e i r  p o s i t i o n  c o i n c i d i n g  w i t h  a r e a s  o f  a l k a l i  
d u s t  b u i l d  u p  i n  t h e  r e a l  k i l n .  T h e s e  a e r o d y n a m i c  f l o w  m a l ­
d i s t r i b u t i o n s  w e r e ,  e f f e c t i v e l y ,  c u r e d  b y  t h e  i n s t a l l a t i o n  o f  
u n d e r g r a t e  b a f f l e s  i n  t h e  k i l n  m o d e l .
T h e  m o d i f i c a t i o n  o f  t h e  L e p o l  g r a t e  s y s t e m  t o  a c c o m o d a t e  
a u x i l i a r y  p r e c a l c i n a t i o n  f i r i n g  p r o v e d  t o  b e  a  f a r  m o r e  
i n t r a c t a b l e  p r o b l e m .  T h e  h i g h  m o m e n t u m  f l o w s  r e q u i r e d  t o  
e n s u r e  a d e q u a t e  b u r n  o u t  f o r  c o n v e n t i o n a l  c o a l  b u r n e r s  o n l y  
s u c c e e d e d  i n  e x a s p e r a t i n g  t h e  e x i s t i n g  a e r o d y n a m i c  p r o b l e m s .
O i l  o r  g a s  b u r n e r s  w o u l d  h a v e  p r o d u c e d  b e t t e r  r e s u l t s  b u t  
w o u l d  h a v e  b e e n  q u i t e  u n e c o n o m i c ,  e x c e p t i n g  o n l y  t h a t  v e r y
SUMMARY
cheap w aste  f u e l s  m ig h t  have t i p p e d  t h e  b a l a n c e .
The u l t i m a t e  s o l u t i o n  t o  th e  problem proved t o  be a v o r t e x  
combust ion chamber,  f i t t e d  o v e r  t h e  g r a t e ,  as a sou rce  o f  c l e a n ,  
low momentum ho t  g a s e s .
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1 - 1
a
T h e  d e p l e t i o n  o f  t h e  w o r l d ’ s f u e l  r e s o u r c e s  i s  b y  no  
m eans a n ew  p r o b le m .  H o w e v e r ,  t h e  l o s s  o f  r e l a t i v e l y  c h e a p  
o i l  s u p p l i e s  f o l l o w i n g  t h e  C r i s i s  o f  1973  a n d  t h e  u n p r e d i c t ­
a b i l i t y  o f  t h a t  m a r k e t  e v e r  s i n c e  h a s  c r e a t e d  u r g e n t  d em ands 
on  b o t h  G o v e r n m e n t  and  I n d u s t r y  t o  a t t e m p t  t o  a d o p t  c l e a r -  
c u t  e n e r g y  p o l i c i e s .  P r e s e n t  t h i n k i n g  s u g g e s t s  t h a t  t h e  
t u r n  o f  t h e  c e n t u r y  w i l l  s e e  a n  i n c r e a s e d  r e l i a n c e  u p o n  
n u c l e a r  e n e r g y  t o  m a in t a i n  a  h ig h  p r o p o r t i o n  o f  t h e  n a t i o n ’ s 
e l e c t r i c i t y  g e n e r a t i n g  c a p a c i t y .  T h e  sam e s c e n a r i o  a l s o  
e n v i s a g e s  a  r e i n s t a t e m e n t  o f  c o a l  a s  a ’ ’ f u e l  o f  t h e  f u t u r e " ,  
w h i l e  t h e  g a p  b e tw e e n  t h e  a v a i l a b l e  s u p p l y  a n d  e x p e c t e d  
dem and  i s  t o  b e  b r i d g e d  b y  t h e  " a l t e r n a t i v e  o p t i o n "  f r o m  
w in d ,  w a v e  , s o l a r  o r  g e o t h e r m a l  s o u r c e s .
U n t i l  s u c h  p o l i c i e s  a r e  r e a l i z e d ,  h o w e v e r ,  c o n s e r v a t i o n  
o f  e x i s t i n g  f u e l  s u p p l i e s  r e m a in s  a s  t h e  m o s t  im p o r t a n t  s h o r t ­
t e r m  c o n s i d e r a t i o n .
T h e  w o r k  c a r r i e d  o u t  i n  t h i s  t h e s i s . d e a l s  w i t h  o n e  
a s p e c t  o f  t h e  c e m e n t  i n d u s t r y ’ s m ove  t o w a r d s  t h e  m o re  e f f i c i e n t  
o p e r a t i o n  o f  e x i s t i n g  p l a n t ,  a s  w e l l  a s  t h e  p o s s i b l e  d e v e l o p ­
m e n t o f  n e w  t e c h n i q u e s  w h i c h  w i l l  m a i n t a i n  t h a t  i n d u s t r y  w e l l  
i n t o  t h e  t w e n t y - f i r s t  c e n t u r y .
CHAPTER 1
INTRODUCTION
1-2
T h r o u g h o u t  t h i s  c e n t u r y  t h e  p h y s i c a l  a n d  c h e m i c a l  
r e a c t i o n s  n e c e s s a r y  t o  t r a n s f o r m  a p p r o p r i a t e  r a w  m a t e r i a l s  
i n t o  c e m e n t  c l i n k e r  h a v e  b e e n  p e r f o r m e d  w i t h i n  t h e  c o n f i n e s  
o f  a  l o n g  r o t a r y  k i l n .  T h e  n e c e s s a r y  h e a t  r e q u i r e m e n t  f o r  
e a c h  s p e c i f i c  r e a c t i o n  h a s  b e e n  s u p p l i e d  b y  a  l a r g e  b u r n e r ,  
f i r i n g  c o a l , o i l ,  a n d  t o  a  l e s s e r  e x t e n t , g a s ,  s i t u a t e d  o n  
t h e  a x i s  a t  t h e  d i s c h a r g e  e n d  o f  t h e  i n c l i n e d  b r i c k ' - l i n e d  
r o t a t i n g  c y l i n d e r .
A t  t h e  i n p u t , o r  b a c k - e n d  t h e  m a t e r i a l  i n i t i a l l y  e n c o u n t e r s  
g a s  t e m p e r a t u r e s  o f  u p  t o  300° C , u n d e r  w h i c h  t h e  p h y s i c a l  
r e m o v a l  o f  m o i s t u r e  i s  a c c o m p l i s h e d .  On m o v i n g  t o  t h e  n e x t  
z o n e ,  a t  a b o u t  900° C ,  c a r b o n  d i o x i d e  i s  e v o l v e d  f r o m  t h e  
m a t e r i a l .  S u c h  a  r e a c t i o n  i s  t e r m e d  c a l c i n a t i o n .  A  p a r t i a l  
p h a s e  c h a n g e ,  r e f e r r e d  t o  a s  s i n t e r i n g ,  o c c u r s  i n  t h e  h o t t e s t  
p a r t  o f  t h e  k i l n  a t  a r o u n d  2000° C ,  f o l l o w e d  h y  a  c o o l i n g  o f  
t h e  c l i n k e r  t o  h a n d l i n g  t e m p e r a t u r e s  i n  a n  a p p r o p r i a t e  h e a t  
e x c h a n g e r  a f t e r  b e i n g  d i s c h a r g e d .  ( F i g u r e  1 . 1 ) !
T h e  S e m i - D r y  p r o c e s s ,  i n t r o d u c e d  i n  t h e  l a t e  1920 ' s ,  
i m p r o v e d  t h e  e f f i c i e n c y  o f  t h e  o r i g i n a l  l o n g  w e t - > k i l n  p r o c e s s  b y  
r e m o v i n g  a l l  t h e - m e a l  d r y i n g  a n d  a  p r o p o r t i o n  o f  t h e  c a l c i n i n g  
s t a g e s  f r o m  t h e  k i l n .  T h e s e  r e a c t i o n s  w e r e  n o w  e s t a b l i s h e d  
w i t h i n  t h e  c o n f i n e s  o f . a  m o r e  e f f i c i e n t ,  t o t a l l y  e n c l o s e d ,  
d o w n d r a f t ,  s i n g l e  p a s s ,  t r a v e l l i n g  g r a t e ,  f o l l o w e d  b y  a  m u c h  
s h o r t e n e d  k i l n  i n  w h i c h  t h e  r e m a i n d e r  o f  t h e  c a l c i n a t i o n  a n d  
e n t i r e  c l i n k e r i n g  r e a c t i o n s  w e r e  p e r f o r m e d .  S u c h  a  c o m b i n e d
1.1 Cement Making Plant
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Figure 1.1 Reaction zones in the rotary long-wet process kiln *
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p r e h e a t e r / d r y e r  u n i t  was c a l l e d  a "Lepo l"  g r a t e  - the  name 
b e in g  th e  c o n j u n c t i o n  o f  i t s  i n v e n t o r ,  L e l l e p  , and th e  
o r i g i n a l  m a n u f a c t u r in g  company, P o l y s i u s 2.
In an even more r e c e n t  deve lopm en t ,  th e  d ry  p r o c e s s  
" S u sp en s ion  P r e h e a t e r "  p e r fo rm s  a s i m i l a r  f u n c t i o n  th ro u g h  
th e  i n t i m a t e  c o n t a c t  o f  h o t  k i l n  e x h a u s t  ga ses  and f i n e l y  
ground raw m a t e r i a l  w i t h i n  a s e r i e s  o f  c y c l o n e s ,  b e f o r e  
e n t e r i n g  an even more t r u n c a t e d  r o t a r y  k i l n .  To f u r t h e r  
i n c r e a s e  th e  e f f i c i e n c y  o f  t h i s  p r o c e s s ,  an e x t r a  so u rc e  
o f  h e a t ,  s u p p l i e d  e i t h e r  by t h e  d i r e c t  i n j e c t i o n  o f  f u e l  
o r  the  i n s t a l l a t i o n  o f  i n d e p e n d e n t l y  c o n t r o l l a b l e  b u r n e r s ,  
has been i n t r o d u c e d . i n t o  t h e  lowermost  p r e h e a t e r  c y c l o n e s .  
This  m o d i f i c a t i o n  enhances  th e  e v o l u t i o n  o f  CC^ to  such  a 
degree  t h a t  a lm o s t  t h e  e n t i r e  c a l c i n a t i o n  r e a c t i o n  o c c u r s  
p r i o r  to  th e  m a t e r i a l  e n t e r i n g  th e  r o t a r y  k i l n ,  t h e r e b y  
g e n e r a t i n g  a much h i g h e r  p r o d u c t  t h ro u g h p u t  f o r  th e  same 
amount o f  f u e l  consumed. Such a m o d i f i c a t i o n  i s  r e f e r r e d  
to  as " p r e - c a l c i n i n g " . •
1 .2  Improving  th e  Lepol  P r o c e s s
The m ajor  p o r t i o n  o f  t h e  r e s e a r c h  d e a l s  w i t h  th e  i n t r o ­
d u c t i o n  o f  an a u x i l i a r y  f i r i n g  sys tem  i n t o  t h e  c o n f in e d  
c a l c i n e r  chamber o f  a Lepol g r a t e  p r e h e a t e r ,  and how such 
a m o d i f i c a t i o n  i n f l u e n c e s  t h e  aerodynam ic  f low  w i t h i n  th e  
sys tem .  As w i t h  t h e  s u s p e n s io n  p r e c a l c i n i n g  k i l n s ,  t h e  
t h e o r e t i c a l  a d v an tag e  e n v i s a g e d  by such a m o d i f i c a t i o n  to  
the  g r a t e  p r e h e a t e r  i s  a p o t e n t i a l  improvement in  t h e  o v e r ­
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a l l  p r o c e s s  e f f i c i e n c y  th r o u g h  an i n c r e a s e  in  th e  p r o p o r t i o n  
o f  c a l c i n a t i o n ,  p r i o r  to  t h e  r o t a r y  k i l n ,  from th e  p r e s e n t  
20-30% up to  60+%. Of e q u a l  im por tance  i s  t h e  p o s s i b i l i t y  
o f  r e g a i n i n g  some o f  th e  20% o r  so o f  bed a r e a  a v a i l a b l e  to  
h e a t  t r a n s f e r  which had been  p r e v i o u s l y  l o s t  t o  th e  poor  
a i r f l o w  d i s t r i b u t i o n  which e x i s t s  w i t h i n  p r e s e n t  d e s ig n s  ’ . 
One t h i r d  p r a c t i c a l  a d v a n ta g e  o f  an a u x i l i a r y  f i r e d  g r a t e  
i s  t h a t  some o f  th e  p e r t u r b a t i o n s  in  k i l n  o p e r a t i o n , b r o u g h t  
about  by f l u c t u a t i o n s  i n  raw meal q u a l i t y , c a n  be n o rm a l iz e d  
by b e t t e r  m a t e r i a l  p r e p a r a t i o n  on th e  bed.
The Problem
D e s p i t e  n e a r l y  s i x t y  y e a r s '  o p e r a t i o n ,  v e ry  l i t t l e  
r e s e a r c h  has  been c a r r i e d  o u t  on im proving  th e  e f f i c i e n c y  
and p e r fo rm an ce  o f  th e  Lepol  g r a t e ,  n o r  on u n d e r s t a n d i n g  
th e  mechanism o f  f l u i d  f low  and h e a t  t r a n s f e r  t h a t  t a k e s  
p l a c e  a round  th e  raw meal n o d u le s  on th e  t r a v e l l i n g  bed.
As w i th  a l l  l a r g e  e n g i n e e r i n g  p l a n t ,  c o m p l i c a te d  
sys tem s such as g r a t e  p r e h e a t e r s  do n o t  r e a d i l y  abso rb  
th e  d i s r u p t i o n s  b ro u g h t  a b o u t  by p h y s i c a l  c h a n g e s . t h a t  
must be imposed in  o r d e r  t o  i n v e s t i g a t e  t h e s e  c h a r a c t e r ­
i s t i c s  .
F u r t h e r  c o m p l i c a t i o n s  a r e  a l s o  a s s o c i a t e d  w i th  th e  
t h r e e  i n t e r a c t i o n s  i n v o lv e d  w i t h  th e  com bus t ion  r e a c t i o n :
1) The f low o f  f u e l  and com bus t ion  a i r  i n t o  t h e  g r a t e  
and th e  i n t i m a t e  m ix ing  o f  t h e  two;
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2) The r e a c t i o n  between t h e  f u e l  and com bus t ion  a i r ;
3) The h e a t  t r a n s f e r  from th e  r e a c t i o n  o f  t h e  combusted 
p r o d u c t s  to  th e  m a t e r i a l .
I f  t h e  e f f i c i e n c y  o f  t h e  p r o c e s s  i s  to  be o p t im iz e d ,  
th en  t h e r e  i s  a need  to  i n c r e a s e  th e  o v e r a l l  h e a t  t r a n s f e r  
by u t i l i z i n g  a l l  t h e  a v a i l a b l e  e nergy  to  th e  g r e a t e s t  
e x t e n t  and i n  th e  s m a l l e s t  p o s s i b l e  volume. To ach iev e  
such a g o a l ,  more s p e c i f i c  p a r a m e t e r s  o f  t h e  combust ion  
r e a c t i o n  need  to  be r e c o g n i z e d ,  t h e  most i m p o r t a n t  b e in g  
th e  i n t e r a c t i o n  o f  t h e  f lame w i t h  i t s  e n v i r o n m e n t -  encom­
p a s s i n g  such  c h a r a c t e r i s t i c s  as t e m p e r a t u r e  p r o f i l e ,  r a d i a ­
t i o n  - s p e c t r a ,  s t r u c t u r e ,  m ix ing  mechanism, ch em ica l  as w e l l  
as p h y s i c a l  changes  i n  t h e  u n b u rn t  f u e l  p r o d u c t s .  Once 
t h i s  has  been  u n d e r t a k e n ,  f u r t h e r  i n f o r m a t i o n  i s  r e q u i r e d  abou t  
th e  f l a m e ’ s b e h a v i o u r ,  such as th e  e f f e c t  o f  fu rn a c e  
aerodynam ics  on i t s  p o s i t i o n ,  t h e  h e a t  t r a n s f e r  to  the  
ch a rge  t h r o u g h  r a d i a t i o n ,  c o n d u c t io n  and c o n v e c t i o n ,  th e  
f u r n a c e  a tm osphere  i n  th e  r e g i o n  o f  t h e  c h a r g e ,  and the  
impingement o f  t h e  f lame on th e  r e f r a c t o r y  s u r f a c e s  o f  
t h e  f u r n a c e .
In  t h e  Lepol  g r a t e ,  t h e  p rob lem  i s  even more a c u t e  
f o r  such c h a r a c t e r i s t i c s  as f low  and mechanisms o f  h e a t  
t r a n s f e r  a r e  t o t a l l y  unknown. A l though  W eber5 does p r o ­
v id e  v e r y  u s e f u l  gas c o n d i t i o n s  and v e l o c i t y  p r o f i l e s  i n ­
s i d e  t h e  k i l n  as w e l l  as gas t e m p e r a t u r e s  i n  t h e  d r i e r  
and c a l c i n e r  s e c t i o n s ,  any more i n f o r m a t i o n ,  e s p e c i a l l y  
c o n c e rn in g  a u x i l i a r y  f i r i n g ,  must be g a t h e r e d  and a d ap ted  
from o t h e r  w e l l  documented p r o c e s s e s  w i th  s i m i l a r  f e a t u r e s .
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T h e  S o l u t i o n  -
O n e  c o n c e i v a b l e  a p p r o a c h  t o  t h e  p r o b l e m  i s  t h e  u s e  o f  
a  p r o t o y p e  f u r n a c e  f o r  d i r e c t  e x p e r i m e n t a t i o n  o n  t h e  e f f e c t  
o f  v a r i o u s  p a r a m e t e r s  u n d e r  i n v e s t i g a t i o n .  H o w e v e r ,  s u c h  
a n  a p p r o a c h  o n  a  f u l l  s c a l e  i n d u s t r i a l  p l a n t  i s  n o t  o n l y  
e x p e n s i v e ,  b u t  a l s o  t h e  c h o i c e  o f  v a r i a b l e s  a n d  r a n g e s  w i t h ­
i n  w h i c h  t h e y  c a n  b e  c h a n g e d  i s  l i m i t e d .  M o s t  s i g n i f i c a n t l y ,  
t h e  r e s u l t s  o b t a i n e d  m a y  r e m a i n  a p p l i c a b l e  o n l y  t o  t h e  s y s ­
t e m  o n  w h i c h  t h e y  a r e  r e c o r d e d .  S u c h  c o u l d  b e  s a i d  o f  
W e b e r ' s  w o r k  o n  a n  o p e r a t i n g  g r a t e ,  w h i c h  a l s o  s u f f e r s  f r o m  
a  l i m i t e d  a p p l i c a t i o n  d u e  t o  t h e r e  b e i n g  n o  p e r f o r m a n c e  d a t a  
r e c o r d e d  f o r  c h a n g e s  i n  o p e r a t i n g  c o n d i t i o n s .
T h e  s e c o n d  a p p r o a c h  i s  t h a t  o f  m o d e l l i n g .  T h i s  t e r m  
a p p l i e s  t o  t e c h n i q u e s  a i m e d  a t  s i m u l a t i n g  c e r t a i n  a s p e c t s  
o f  a  p r o c e s s ,  n o t  o n l y  i n  t h e  m o r e  f a m i l i a r  f o r m  o f  g e o ­
m e t r i c a l l y  s c a l e d  r e p r e s e n t a t i o n s  a n d  m a t h e m a t i c a l  s i m u l a t e d  
t e c h n i q u e s ,  b u t  a l s o  o f  a n a l o g u e s  i n  w h i c h  t h e  p h y s i c a l  a n d  
c h e m i c a l  p r o c e s s e s  a r e  q u i t e  d i f f e r e n t  f r o m  t h o s e  o f  t h e  
p r o t o t y p e .
A p p r o p r i a t e ,  w e l l  p r o v e n  m o d e l l i n g  m e t h o d s  a r e  t o o l s  
w h i c h  a i d  t h e  a s s e s s m e n t  a n d  r e a l i z a t i o n  o f  e n e r g y  s a v i n g  
i d e a s  i n  p r a c t i c e ,  a n d ,  a s  s u c h  a r e  a  v a l u a b l e  r e s o u r c e  i n  
i m p r o v i n g  f u e l  u t i l i z a t i o n .
A l t h o u g h  i t  i s  o b v i o u s  t h a t  s u c h  m o d e l s  l a c k  a n y
1.3 Physical Modelling of the Process
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r e p r e s e n t a t i o n  o f  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  p r o t o t y p e ,  
s u c h  a s  t h e  b u o y a n c y  e f f e c t s  o f  h i g h  t e m p e r a t u r e  g a s e s  
a n d  f l a m e s  o r  o f  c h e m i c a l  r e a c t i o n s  t a k i n g  p l a c e  i n  t h e  p r o -  
c - e s s ,  t h e  v e r s a t i l i t y  o f  t h e  a p p r o a c h  c a n  a c c o m m o d a t e  ;a  w h o l e  
r a n g e  o f  f a c t o r s  o f  s p e c i a l  i n t e r e s t .
M o d e l l i n g  c a n  b e  u s e d  f o r  i n v e s t i g a t i o n s  o n  f l a m e  
s t a b i l i t y ,  c o m b u s t i o n  e f f i c i e n c y ,  a n d  p r e s s u r e  l o s s  o r  
e r o s i o n  a n d  d e p o s i t i o n ,  a n d , w i t h  a p p r o p r i a t e  m o d i f i c a t i o n s . ,  t o  
e x h i b i t  s i m i l a r  f l o w  c h a r a c t e r i s t i c s  o f  t h e  p r o t o t y p e  i n  a  
p l a n e  a s  w e l l  a s  i n  s p a c e .
W i t h  s u c h  a  w i d e  r a n g e  o f  c h a r a c t e r i s t i c s  a v a i l a b l e  
i n  a  c o n t r o l l e d  l a b o r a t o r y  e n v i r o n m e n t ,  t h e  m o d e l l i n g  
s o l u t i o n  h a s  f o u n d  a p p l i c a t i o n  i n  a l l  q u a r t e r s  o f  i n d u s t r y  
w i t h  v a r y i n g  d e g r e e s  o f  a c c u r a c y ,  a t  a  f r a c t i o n  o f  t h e  t i m e  
a n d  c o s t  o f  o n - s i t e  i n v e s t i g a t i o n s .  T h e  c o n f i d e n c e  e x p r e s s e d  
i n  s u c h  r e s u l t s  i s ,  p a r a d o x i c a l l y ,  d u e  t o  a  v e r y  m u c h  b e t t e r  
u n d e r s t a n d i n g  o f  w h y  t h e  m o d e l  c a n n o t  b e h a v e ,  e v e n  a e r o -  
d y n a m i c a l l y ,  l i k e  t h e  r e a l  t h i n g 6 .
A  g r e a t  d e a l  o f  t h e  l e g i t i m a c y  a f f o r d e d  t o  s c a l e  
t e c h n i q u e s  i s  o w e d  t o  t h e  p i o n e e r i n g  w o r k  o f  C h e s t e r s 7 -  l a t e r  
s u p p o r t e d  b y  t h e  c o l d  t r i a l s  p e r f o r m e d  b y  H u l s e ? -  o n  o p e n -  
h e a r t h  f u r n a c e s  a n d  r e g e n e r a t o r s  i n  t h e  s t e e l  i n d u s t r y .  
B e c a u s e  o f  t h e  u n i q u e  n a t u r e  o f  t h e  L e p o l  p r e c a l c i n e r  i n v e s t ­
i g a t i o n ,  i t  h a s  n o t  o n l y  b e e n  n e c e s s a r y  t o  r e f e r  t o  t h i s  
e a r l y  w o r k ,  b u t  a l s o  t o  o t h e r  i n v e s t i g a t i o n s  i n  w h i c h  i n ­
d i v i d u a l  a s p e c t s  o f  t h e  s y s t e m ,  s u c h  a s  r o t a r y  k i l n s ,  c h a i n
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g r a t e  s t o k e r s ,  b o i l e r  g r a t e s ,  t u r b u l e n t  d i f f u s i o n  f l a m e s  
a n d  v o r t e x  c o m b u s t o i s  h a v e  b e e n  m o d e l l e d .  H o w e v e r ,  a  
m o d e l  i s  u s e l e s s  u n l e s s  s u i t a b l e  t e c h n i q u e s  a r e  a d o p t e d  
w h i c h  g i v e  r e s u l t s  i n  a n  a p p r o p r i a t e  f o r m  f r o m  w h i c h  
v a l i d  c o n c l u s i o n s  a p p l i c a b l e  t o  t h e  p r o t o t y p e  c a n  b e  m a d e .
A s  a n  e x a m p l e ,  i n  m a n y  c o m b u s t i o n  r e l a t e d  p r o b l e m s ,  
t h e  c h e m i c a l  r e a c t i o n s  o c c u r r i n g  i n  t h a t  p r o t o t y p e  a r e  
o f  s e c o n d a r y  i m p o r t a n c e  t o  t h e  p h y s i c a l  m i x i n g  w h i c h  
b r i n g s  f u e l  a n d  c o m b u s t i o n  a i r  i n t o  i n t i m a t e  c o n t a c t  w i t h i n  
t h e  c o m b u s t i o n  z o n e .  A  s i m p l i f i c a t i o n  o f  t h e  m o d e l l i n g  
o f  s u c h  r e a c t i o n s  c a n  t h e r e f o r e  b e  a c h i e v e d  f r o m  a  f l u i d  
f l o w  a s s u m p t i o n .  O n e  m e t h o d  i n  w h i c h  s u c h  a  s i m u l a t i o n  
o c c u r s ,  i s  t h e  a c i d / a l k a l i  r e p r e s e n t a t i o n .
I n  i t s  o r i g i n a l  f o r m ,  H a w t h o r n e  9 ■ w a s  a b l e  t o
a c c u r a t e l y  m o d e l  t h e  b u r n i n g  r e a c t i o n  b y  u s i n g  a n  a n a l o g o u s  
n e u t r a l i z a t i o n  t e c h n i q u e  w i t h  a  w e a k  a c i d  r e p r e s e n t i n g  
c o m b u s t i o n  a i r  a n d  a n  a l k a l i ,  p l u s  a n  a p p r o p r i a t e  i n d i c a t o r ,  
t h e  f u e l ,  i n  a  w a t e r  m o d e l .  A l t h o u g h  t h e  m e t h o d  w a s  
f u r t h e r  r e f i n e d  b y  W e d d e l 1 0 , i t  w a s  s t i l l  n o t  a p p l i e d  t o  
a  s p e c i f i c  p r o c e s s .
H o w e v e r , s i n c e  t h e n  i t  h a s  f o u n d  a p p l i c a t i o n  i n  j e t  m i x i n g  
s t u d i e s  o f . g a s  f l a m e s ,  s u c h  a s  t h o s e  p e r f o r m e d  b y  K r i s t m a n s e n  
a n d  D a n c k w e r t s 1 1 a s  w e l l  a s  r e s e a r c h  r e l a t e d  t o  e x i s t i n g  
i n d u s t r i a l  p r o t o t y p e s  b y  I n m a n 1,2 F r i c k e r ,  P a g e  a n d  C h e w , 13 a n d  
K h a n . - a n d  M a c F a d y . e n ^ w h o  h a v e  s u c c e s s f u l l y  a p p l i e d  t h e  m e t h o d  
t o  d e t e r m i n e  t h e  f l a m e  c h a r a c t e r i s t i c s  i n  g l a s s  t a n k s .  - -
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S t r e e t  a n d  T w a m l e y  15 h a v e  u s e d  i t ? i n  m o d i f i e d  f o r m , t o  s t u d y  
t h e  c h a r a c t e r i s t i c s  o f  s o a k i n g  p i t s  i n  t h e  s t e e l  i n d u s t r y  
t h r o u g h  t h e  a i d  o f  a n  a i r  m o d e l .  M o r e  a l l i e d  t o  t h e  s u b j e c t  
o f  t h i s  t h e s i s  i s  t h e  w o r k  o f  R u h l a n d  1 6 , u s i n g  t h e  a c i d / a l k a l i  
s i m u l a t i o n  t e c h n i q u e  a s  p a r t  o f  t h e  d e v e l o p m e n t  o f  a  u n i v e r s a l  
r o t a r y  k i l n  f l a m e  l e n g t h  f o r m u l a .
I n  o t h e r  q u a l i t a t i v e  m e t h o d s ,  j e t  m i x i n g  a n d  a e r o d y n a m i c s  
c a n  b e  o b s e r v e d  t h r o u g h  t h e  a i d  o f  i n e r t  t r a c e r s  s u c h  a s  
c o t t o n  t w i n e ,  b a l s a  w o o d  p a r t i c l e s ,  a i r  b u b b l e s ,  p o l y s t y r e n e  
b e a d s  o r  a l l u m i n i u m  p a r t i c l e s  i n j e c t e d . i n t o  i s o t h e r m a l  a i r  
o r  w a t e r  s c a l e  r e p r e s e n t a t i o n s .  A  c o m p l e t e  d e s c r i p t i o n  o f  
t h e  a p p r o p r i a t e  a p p l i c a t i o n s  o f  t h e s e  t r a c e r s  h a s  b e e n  
p r e s e n t e d  i n  D a n c e ’ s 17 f l u e  g a s  i n v e s t i g a t i o n s .
T h e  e f f e c t s  o f  b u o y a n c y  -  t h e  d e v i a t i o n  o f  t h e  p a t h  
o f  a  j e t  f r o m  i t s  i n i t i a l  t r a j e c t o r y  d u e  t o  t h e  d e n s i t y  
d i f f e r e n c e s  b r o u g h t  a b o u t  b y  c o m b u s t i o n  -  h a s  b e e n  s i m u l a t e d  
t h r o u g h  t h e  u s e  o f  f l u i d s  o f  d i f f e r e n t  d e n s i t i e s  o r  t e m p e ­
r a t u r e s  i n  a  s c a l e  m o d e l .  I n  o n e  m e t h o d ,  H o r n 18 u s e d  a  
m a g n e t i t e  s l u r r y  t o  r e p r e s e n t  a  f l a m e  o r  r e a c t a n t  j e t .
T h i s  h e a v y  c o l l o i d  w a s  i n j e c t e d  i n t o  a  q u i e s c e n t  w a t e r  t a n k  
r e p r e s e n t i n g  c o m b u s t i o n  a i r .  T h e  b u o y a n c y  e f f e c t  i n  s u c h  
a  s y s t e m  w a s  t h e r e f o r e  i l l u s t r a t e d  i n  i n v e r t e d  f o r m  b y  t h e  
a c t i o n  o f  g r a v i t y  o n  t h e  s l u r r y .
T h e  m e t h o d  h a s  b e e n  a p p l i e d  b y  S m i t h  19 t o  a  m o r e  c o m ­
p l e x  m o d e l  o f  a n  e x i s t i n g  r o t a r y  k i l n  p r o t o t y p e  i n  w h i c h  
t h e  r a t i o  o f  n o z z l e  r a d i u s  t o  m i x i n g  l e n g t h ,  r  / L ,  w a s  f o r
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t h a t  o f  a  c o n f i n e d  j e t ,  a s  o p p o s e d  t o  H o r n ' s  f r e e  j e t  a n a ­
l y s i s  .
F o r  q u a n t i t a t i v e  r e s u l t s ,  G r a y  a n d  R o b e r t s o n 20 h a v e
r e v i e w e d  s e v e r a l  l a b o r a t o r y  t e c h n i q u e s  t h a t  c a n  b e  u s e d  t o
s t u d y  f l o w  d i s t r i b u t i o n  p r o b l e m s ,  a l o n g  w i t h  a n  a s s e s s m e n t
o f  t h e  t y p e  o f  f l o w  m e a s u r e m e n t  i n s t r u m e n t a t i o n  u s e d .  O n e
21
i n t e r e s t i n g  q u a n t i t a t i v e  m e t h o d  u s e d  b y  D a v i e s  e t  a ] . 
i s  t h a t  o f  n a p h t h a l e n e  s u b l i m a t i o n  t o  s i m u l a t e  t h e  c o n d u c t ­
i v e  h e a t  t r a n s f e r  r e a c t i o n  i n  a  f u r n a c e .  B y  c o v e r i n g  t h e  
i n t e r i o r  s u r f a c e s  a n d  c h a r g e  i n  a n  a i r  m o d e l  w i t h  t h e  
c h e m i c a l ,  w h i c h  s u b l i m e s  a t  r o o m  t e m p e r a t u r e ,  t h e y  w e r e  
a b l e  t o  d e d u c e  t h e  h e a t  t r a n s f e r  f r o m  t h e  w e i g h t  l o s s  i n  
e a c h  a p p r o p r i a t e  s e c t i o n  o f  t h e  m o d e l  i n  a  g i v e n  p e r i o d  
o f  t i m e .
I n  a n o t h e r  q u a n t i t a t i v e  a p p r o a c h ,  f o r  g a s  t u r b i n e  
c o m b u s t i o n  i n v e s t i g a t i o n s ,  C l a r k e  e t  a l 22 u s e d  a  w a t e r  f i l l e d  
p e r s p e x  r e p l i c a ,  i n t o  w h i c h  a c i f i e d  a m m o n i u m  f e r r o u s  s u l p h a t e  
w a s  i n j e c t e d  t o  r e p r e s e n t  t h e  f u e l .  T h e  s c a l e  o f  j e t  m i x i n g  
w a s  r e c o r d e d  b y  r e m o v i n g  s a m p l e s  o f  l i q u i d  f r o m  v a r i o u s  p a r t s  
o f  t h e  c o m b u s t o r  a n d  a d d i n g  t h e  c h e m i c a l  t h i o - c y c l o n i c  a c i d  
t o  e a c h .  T h e  i r o n  c o n t e n t  o f  t h e s e  s a m p l e s  w a s  t h e n  a s s e s s e d  
b y  m e a s u r i n g  t h e  d e n s i t y  o f  t h e  p u r p l e  m i x t u r e  u s i n g  a n  
a b s o r p t i o m e t e r , w i t h  t h e  r e s u l t s  b e i n g  e x p r e s s e d  i n  t e r m s  
o f  e q u i v a l e n t  a i r : f u e l  r a t i o s .  S u c h  r a t i o s  w e r e  a l s o  o b t a i n e d
n o
b y  F o r s t a l l  a n d  G a y l o r d  i n  t u r b u l e n t  d i f f u s i o n  j e t  i n v e s t ­
i g a t i o n s ,  b u t  i n  t h e i r  e x p e r i m e n t s  s o d i u m  c h l o r i d e  w a s  u s e d  
a s  t h e  q u a n t i t a t i v e  t r a c e r .
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H o w e v e r ,  i t  i s  e s s e n t i a l  t h a t  w h e n  a d o p t i n g  a n  i s o t h e r m a l  
m o d e l l i n g  t e c h n i q u e ,  w h e t h e r  i t  b e  q u a n t i t a t i v e  o r  q u a l i ­
t a t i v e ,  c e r t a i n  c r i t e r i a  n e e d  t o  b e  s a t i s f i e d  i n  o r d e r  t o  
g i v e  c r e d e n c e  t o  t h e  s i m u l a t i o n .  I n  m o d e l l i n g  r e v i e w s  
s u c h  a s  t h o s e  o f  B e e i 24 , P h i l b r o o k 25 o r  S p a l d i n g 26 , t h e  
i n v e s t i g a t o r  i s  p r e s e n t e d  w i t h  a  g u i d e  t o  t h e  p r o b l e m s  
a s s o c i a t e d  w i t h  a c c u r a t e  r e p r e s e n t a t i o n  o f  f l o w  i n  a  m o d e l  
a n d  t h e  r e s t r i c t i v e  c r i t e r i a  n e c e s s a r y .
I f  t h e  p r o t o t y p e  i n c o r p o r a t e s  a  j e t ,  e s p e c i a l l y  n o n -  
i s o t h e r m a l ,  i n f o r m a t i o n  o n  t h e  a p p r o p r i a t e  s c a l i n g  o f  
n o z z l e  d i m e n s i o n s  a n d  s t r e a m  m o m e n t a  i s  r e q u i r e d  t o  m a i n t a i n
v a l i d i t y .  T h e  t h e o r y  o f  j e t  c r i t e r i a  a s  d e t a i l e d  i n  t h e
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i m p o r t a n t  w o r k s  o f  T h r i n g  a n d  N e w b y  , C r a y a  a n d  C u r t e t  ,
a n d  B e c k e r  e t  a l 2 9  i s  a p p l i c a b l e  t o  s u c h  m o d i f i c a t i o n s .
T h e  r e c o r d i n g  o f  t h e  q u a l i t a t i v e  m o d e l  r e s u l t s  h a s  
b e e n  c o m p r e h e n s i v e l y  c o v e r e d  i n  W i n t e r  a n d  D e t e r d i n g ’. s 30 
d e f i n i t i v e  a c c o u n t  o f  t h e  t y p e  o f  t e c h n i q u e s  a v a i l a b l e  
t o  m a k e  t h e  r e t r i e v a l  o f  s u c h  i n f o r m a t i o n  r e l a t i v e l y  e a s y ,  
a n d  c o v e r s  s u c h  d e t a i l s  a s  l i g h t i n g ,  t i m e d  e x p o s u r e s ,  
f a s t  a n d  u l t r a - v i o l e t  p h o t o g r a p h y  s u g g e s t i o n s  a s  w e l l  a s  
t h e  m o s t  a d v a n t a g e o u s  t r a c e r  t e c h n i q u e s .
A s  a n  a s i d e ,  a l t h o u g h  o f  l i t t l e  a p p l i c a t i o n  t o  l a r g e  
m o d e l s ,  S c h l i e r e n 31 i n t e r f e r e n c e  a n d  h o l o g r a p h i c  m e t h o d s  
a r e  f r e q u e n c t l y  u s e d  i n  t h e  s t u d y  o f  r e a c t i o n s  i n  c o n f i n e d  
v o l u m e s ,  s u c h  a s  s h o c k  t u b e s  a n d  e x p l o s i o n  c h a m b e r s .
Finally, the papers of Bacon 32 and Putnam and Ungar33
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r e v i e w  t h e  t y p e  o f  r e s u l t s  t h a t  s h o u l d  b e  e x p e c t e d  f r o m  t h e  
a p p l i c a t i o n  o f  m o d e l l i n g  t e c h n i q u e s ,  r e l a t i n g  t h e m  t o  
t h e  p r o t o t y p e ,  a l o n g  w i t h  c o r r e c t i o n s  a s s o c i a t e d  w i t h  
r e a c t i o n s  s u c h  a s  c o m b u s t i o n .
T h e  m o d e l  u s e d  i n  t h i s  i n v e s t i g a t i o n  w a s  a  1: 24 t h  s c a l e  
p e r s p e x  r e p l i c a  o f  a  20.9  m e t r e  l o n g  b y  4 . 1m w i d e  L e p o l  g r a t e .
T h e  c h o i c e  o f  f l u i d  m e d i u m  u s u a l l y  d i c t a t e s  t h e  t y o e  o f  r e s u l t s  -  
c o l d  w a t e r  g e n e r a l l y  u s e d  f o r  t h e  a c q u i s i t i o n  o f  q u a l i t a t i v e  
i n f o r m a t i o n ,  g i v i n g  " c o n c l u s i o n s  a t  a  g l a n c e " ,  w h i l e  c o l d  
a i r  m o d e l s  e x h i b i t  q u a n t i t a t i v e  r e s u l t s  t h r o u g h  a n  a n a l y s i s  
o f  v e l o c i t y  d i s t r i b u t i o n s  . ( T a b l e  1 ! ) .
I n  o r d e r  t o  p r e s e r v e  a n y  d y n a m i c  s i m i l a r i t y  b e t w e e n  t h e  
p r o t o t y p e  a n d  i t s  a s s o c i a t e d  s c a l e  r e p l i c a ,  t h e  R e y n o l d s  
n u m b e r  ( v e l o c i t y * l e n g t h / k i n e m a t i c  v i s c o s i t y )  i s  m a i n t a i n e d  
a t  a  c o m p a r a b l e  t u r b u l e n t  l e v e l  ( > 10 l f ) i n  t h e  m o d e l .  A s  t h e  
k i n e m a t i c  v i s c o s i t y  o f  h o t  f u r n a c e  g a s e s  i s  a b o u t  1 2  t i m e s  
t h a t  o f  c o l d  a i r  a n d  1 2 0  t i m e s  t h a t  o f  c o l d  w a t e r ,  i t  f o l l o w s  
t h a t  a  1 ; 1 2  s c a l e  a i r  m o d e l  r e q u i r e s  t h e  s a m e  g a s  v e l o c i t y  
a s  t h e  p r o t o t y p e ,  w h e r e a s  t h e  1 : 1 2  s c a l e  w a t e r  m o d e l  r e q u i r e s  
o n l y  o n e  t e n t h  t h e  v e l o c i t y .  F o r  t h i s  r e a s o n ,  w a t e r  m o d e l s ,  
a l t h o u g h  m o r e  e x p e n s i v e  a n d  m o r e  c o m p l i c a t e d  t h a n  t h e i r  a i r  
c o u n t e r p a r t s ,  a r . e  i d e a l l y  s u i t e d  t o  f l o w  v i s u a l i s a t i o n .
T h e  m o d e l l i n g  p r o c e d u r e  c o n s i s t s  o f :
( 1 ) O b t a i n i n g ,  w h e r e  p o s s i b l e ,  t h e  f l o w  r a t e s ,  t e m p e r a t u r e s  
a n d  d e s i g n  d a t a  f o r  t h e  p r o t o t y p e  k i l n  a n d  e x p e r i m e n t a l  
b u r n e r s ;
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T a b l e  1 . 1  C o m p a r i s o n b e t w e e n  a i r  a n d  w a t e r m o d e l l i n g  s y s t e m s
M o d e l l i n g  f l u i d A i r W a t e r
F a b r i c a t i o n  T i m e S h o r t L o n g
D a t a  R e t r i e v a l  T i m e L o n g S h o r t
T y p e  o f  D a t a Q u a l i t a t i v e Q u a l i t a t i v e  + 
s e m i - q u a l i t a t i v e
F l e x i b i l i t y G o o d G o o d
T y p e  o f  R e s u l t M a c r o - m i x i n g M i c r o - m i x i n g
V i s u a l i s a t i o n ( a ) P i t o t  t u b e -  
p o i n t  v e l o c i t y
( a ) P o l y s t y r e n e  b e a d s -  
f l o w  p a t t e r n
C b ) 5- w a y  p i t o t -  
v e l o c i t y  a n d  
d i r e c t i o n
( b ) D y e  i n j e c t i o n -  
j e t  s p r e a d  a n d  
d e c a y
( c ) h o t  w i r e  a n e m o ­
m e t e r  v e l o c i t y  
+ d i r e c t i o n  + 
t u r b u l e n c e  l e v e l
( c ) A c i d  a l k a l i -  
e n t r a i n m e n t  
a n d  j e t  m i x i n g
( d ) L a s e r  a n e m o m e t e r  
v e l o c i t y  + 
d i r e c t i o n  + t u r ­
b u l e n c e  l e v e l
( e ) G a s  t r a c e r  -  m e a n  
r e s i d e n c e  t i m e
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(2) E v a l u a t i n g  th e  e x p e c te d  Reynolds, number and m o d e l l in g  
p a r a m e te r  r a n g e s  i n  b o t h ;
(3) M a i n t a in i n g  th e  p a r a m e t e r s  w i t h i n  th e  l i m i t s  to  m a i n t a i n  
s u i t a b l e  s i m i l a r i t y ,  such  as Re > IO4 ;
(4) S e t t i n g  up th e  i s o t h e r m a l  model sys tem  a c c o r d i n g l y  w i th  
d i s t o r t i o n  i n  d im ens io n s  in  a r e a s  a p p l i c a b l e  to  main­
t a i n i n g  comparab le  f low  r a t e s ;
(5) A l low ing  f o r  t h e  i n f l u e n c e  o f  e f f e c t s  such  as buoyancy,  
chem ica l  and p h y s i c a l  changes  when making c o n c l u s i o n s  
from th e  r e s u l t s .
A l l  t h e  f low  v i s u a l i z a t i o n  r e s u l t s  from t h e  model were 
r e c o r d e d  on e i t h e r  35 mm s t i l l ,  16 mm c in e  o r  VHS fo rm at  
v id eo  f i l m .
A l though  p h y s i c a l  m o d e l l i n g  t e c h n iq u e s  a r e  on th e  
d e c l i n e  - a s i t u a t i o n  b ro u g h t  a bou t  i n  p a r t  by th e  e v o l u t i o n  
o f  h i g h l y  s o p h i s t i c a t e d  computer  m o d e l i in g  s i m u l a t i o n  - t h e y  
s t i l l  m a i n t a i n  a s t r o n g  l i n k  in  t h e  d e v e lo p m e n ta l  c h a in  o f  
an i n d u s t r i a l  p r o c e s s .  I t  i s  q u i t e  p o s s i b l e ,  however, t h a t  
such a d e c l i n e  may be a r r e s t e d  by th e  i n s t a n t  i n f o r m a t i o n  
r e t r i e v a l  and p r o c e s s i n g  a s s o c i a t e d  w i th  t h e  more advanced 
v id eo  r e c o r d i n g  sy s te m s .
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CHAP TER  2A
CEMENT MANUFACTURE WITH S P E C I A L  REGARD TO
C A L C I N A T I O N  W I T H I N  THE LEP OL GRATE P R O C E S S
T h e  r e s e a r c h  c a r r i e d  o u t  i n  t h i s  t h e s i s  c o n c e n t r a t e s  o n  
t h e  a e r o d y n a m i c s  o f  t h e  L e p o l  g r a t e  p r e h e a t e r  c a l c i n e T  
s e c t i o n  a n d  i s  p a r t i c u l a r l y  c o n c e r n e d  i n  h o w  s u c h  e s t a b l i s h e d  
f l o w  r e g i m e s  a r e  a l t e r e d  t h r o u g h  t h e  i n t r o d u c t i o n  o f  a u x i l i a r y  
f i r i n g  i n t o  t h a t  s e c t i o n .  A l t h o u g h  t h e  u s e  o f  p e r t i n e n t  
s i m i l a r i t y  c r i t e r i a  h a s  e n a b l e d  s u c h  a  s t u d y  t o  b e  u n d e r t a k e n  
w i t h i n  a  c o n t r o l l e d  e n v i r o n m e n t  t h r o u g h  t h e  a i d  o f  i s o t h e r m a l  
s c a l e  m o d e l l i n g ,  i t  i s  i m p o r t a n t  n o t  t o  b e c o m e  t o o  d i v o r c e d  
f r o m  t h e  p r o t o t y p e  o p e r a t i o n  a n d  t h e r e b y  f a i l  t o  a p p r e c i a t e  
t h e  t y p e  a n d  s c a l e  o f  c h e m i c a l  a n d  p h y s i c a l  r e a c t i o n s  t h a t  
o c c u r  d u r i n g  t h e  m a n u f a c t u r e  o f  P o r t l a n d  c e m e n t  i n  t h e  s e m i ­
w e t / s e m i - d r y  p r o c e s s .
2 .1 T h e  M a n u f a c t u r e  o f  . P o r t l a n d  C e m e n t
T h e  n a m e  " P o r t l a n d  C e m e n t "  a n d  i t s  m a n u f a c t u r e  w e r e  
o r i g i n a l l y  p a t e n t e d  b y  J o s e p h  A s p d i n  i n  1824 , b u t  i t  w a s  
n o t  u n t i l  s o m e  s i x t e e n  y e a r s  l a t e r  t h a t  I . C .  J o h n s o n  
d e v e l o p e d  a  p r o d u c t  t h a t  w e  t o d a y  w o u l d  r e c o g n i z e  a s  
c e m e n t  . I n  f a c t  A s p d i n ’ s  p r o c e s s  p r o d u c e d  o n l y  a  f o r m  
o f  h y d r a t e d  l i m e  d u e  t o  t h e  p r e m a t u r e  r e m o v a l  o f  t h e  m a t e r i a l  
f r o m  h e a t  i m m e d i a t e l y  a f t e r  c a l c i n a t i o n ,  w h e r e a s  J o h n s o n  
d i s c o v e r e d ,  b y  a c c i d e n t ,  t h a t  i t  w a s  n e c e s s a r y  t o  b u r n  a n  
a c c u r a t e l y  p r o p o r t i o n e d  m i x t u r e  o f  c h a l k  a n d  c l a y  w e l l  p a s t  
t h e  p o i n t  o f  v i t r i f i c a t i o n  t o  o b t a i n  t h e  r e q u i r e d  p r o d u c t .
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T h e  f i r s t  r o t a r y  t y p e  k i l n  f o r  t h e  m a n u f a c t u r e  o f  c e m e n t  
w a s  p a t e n t e d  i n  E n g l a n d  i n  t h e  l a t e  1870 ' s ,  a l t h o u g h  i t s  
c o m m e r c i a l  d e v e l o p m e n t  t o o k  p l a c e  i n  A m e r i c a  -  a  s i t u a t i o n  
l i t t l e  c h a n g e d  f o r  n e w  t e c h n o l o g i c a l  i n n o v a t i o n  t o d a y .  
R e - i n t r o d u c e d  t o  E n g l a n d  i n  t h e  e a r l y  1900 ' s ,  t h e s e  k i l n s  
w e r e  b r i c k - l i n e d ,  s t e e l  c y l i n d e r s  s o m e  30 m e t r e s  l o n g  b y  2 
m e t r e s  d i a m e t e r ,  i n c l i n e d  a t  a b o u t  1 i n  30 a n d  r o t a t i n g  a t  
o n e  r e v o l u t i o n  p e r  m i n u t e .
I n  o p e r a t i o n ,  t h e  r a w  m a t e r i a l  m i x t u r e  o f  l i m e s t o n e  
a n d  c l a y  w a s  f e d  a s  a  d r y  m e a l  o r  w e t  s l u r r y  i n t o  t h e  o p e n ,  
u p p e r  e n d  o f  t h e  k i l n .  T h e  h e a t  r e q u i r e d  f o r  t h e  p h y s i c a l  
a n d  c h e m i c a l  r e a c t i o n s  w a s  o r i g i n a l l y  s u p p l i e d  b y  g a s  o r  o i l ,  
a n d  l a t e r  c o a l ,  b l o w n  i n t o  t h e  c y l i n d e r  t h r o u g h  a  j e t  a t  i t s  
l o w e r  e n d ,  w h e r e  t h e  v i t r i a t e d  c l i n k e r  w a s  d i s c h a r g e d ,  w h i t e  
h o t ,  i n t o  a  c o o l e r .  T h e  o u t p u t  f r o m  t h i s  o r g i n a l  s t y l e  
p l a n t  w a s  a r o u n d  50 t o n n e s / d a y .
T h e  s a m e  p r i n c i p l e  r e m a i n s  t o d a y ,  b u t  o n  a  v e r y  m u c h  
l a r g e r  s c a l e .  W i t h  d e s i g n  i m p r o v e m e n t s  i n  t h e  d r y i n g  a n d  
c a l c i n i n g  z o n e s ,  o u t p u t s  o f  u p  t o  4000  t o n n e s / d a y  a r e  
c o m m o n .
T h e  a c t u a l  p r o c e s s  o f  c e m e n t  m a n u f a c t u r e  c a n  b e  d i v i d e d  
i n t o  f o u r  d i s t i n c t  s t a g e s :
( i )  C o m m i n u t i n g  t h e  r a w  m a t e r i a l  t o  t h e  f i n e n e s s  n e c e s s a r y  
f o r  t h e  d e s i r e d  c h e m i c a l  r e a c t i o n s  t o  o c c u r  d u r i n g  
b u r n i n g ,  f o l l o w e d  b y  a  m i x i n g  a n d  b l e n d i n g  o f  t h e  m e a l  
i n t o  t h e  r e q u i r e d  p r o p o r t i o n  o f  c o n s t i t u e n t s ;
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( i i )  H e a t i n g  t h e  m i x t u r e  i n  t h e  k i l n  t o  d r i v e  o f f  t h e  w a t e r ,  
CCY an d  t o  f l u i d i z e  t h e  c l i n k e r ;
( i i i )  C o o l i n g  t h e  r e s u l t i n g  c l i n k e r ;
( i v )  G r i n d i n g  t h e  c o o l e d  p r o d u c t ,  w i t h  a s m a l l  am ount  o f  
gypsum t o  c o n t r o l  t h e  s e t t i n g  t i m e ,  t o  t h e  f i n e n e s s  
r e q u i r e d  f o r  t h e  c h e m i c a l  r e a c t i o n s  t o  t a k e  p l a c e  when 
t h e  p r o d u c t  i s  w e t t e d .
The t y p e  o f  c e m e n t  m a n u f a c t u r i n g  p r o c e s s  i s  c l a s s i f i e d  
a c c o r d i n g  t o  t h e  m o i s t u r e  c o n t e n t  o f  t h e  raw m e a l .  I n  t h e  
w e t  p r o c e s s ,  t h e  m e a l  i n  t h e  f o r m  o f  a s l u r r y ,  h a s  a w a t e r  
c o n t e n t  o f  32-42% , w h i l e  f o r  t h e  d r y  p r o c e s s  t h e  p r o p o r t i o n  
c a n  b e  a s  low a s  8%. B e t w e e n  t h e s e  two e x t r e m e s ,  r a n g i n g  i n  
c o n t e n t  f r o m  1 2 % t o  20%, i s  t h e  s e m i - w e t  p r o c e s s  -  i n  w h i c h  
a s l u r r y  i s  f i l t e r e d  t o  r e m o v e  w a t e r  -  a n d  t h e  s e m i - d r y  -  i n  
w h ic h  w a t e r  i s  a d d e d  t o  a r e l a t i v e l y  d r y  raw  m e a l  i n  a d i s h  
n o d u l i z e r  p r i o r  t o  e n t r y  i n t o  t h e  k i l n .
F i g u r e  2 . 1  i l l u s t r a t e s  t h e  t y p e  o f  m e c h a n i c a l  p r o c e s s  
i n v o l v e d  i n  e a c h  o f  t h e  c l a s s i f i c a t i o n s .
W i t h i n  t h e  r o t a r y  k i l n  i t s e l f ,  t h e  r e a c t i o n s  e n c o u n t e r e d  
by  t h e  m o v in g  m a t e r i a l ,  a r r a n g e d  i n  o r d e r  o f  i n c r e a s i n g  f e e d  
t e m p e r a t u r e ,  a r e :
I* 1 0 0 ° C : E v a p o r a t i o n  o f  w a t e r  f r o m  t h e  f e e d ;
I I .  5Q0°C: E v o l u t i o n  o f  c o m b i n e d  H^O f r o m  t h e  c l a y ;
I I I *  8 0 5 ° C : E v o l u t i o n  o f  CC^ f r o m  t h e  l i m e s t o n e  a t  t h e  s t a r t  
o f  c a l c i n a t i o n ;
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IV. 8 0 0 - 9 0 0 ° C : F o r m a t i o n  o f  D i c a l c i u m  s i l i c a t e  (C2S ) ;
V. 1 0 9 5 - 1 2 0 5 ° C : F o r m a t i o n  o f  C3A and  C4AF
VI.  1 2 6 0 - 1 4 5 5 ° C : F o r m a t i o n  o f  C^S and t h e  p r o g r e s s i v e
d i s a p p e a r a n c e  o f  f r e e  l i m e ,  CaO.
F i g u r e  2 . 2  i s  t h a t  o f  t h e  h e a t  p r o f i l e  i n  a w e t
p r o c e s s  k i l n  and  shows t h e  t e m p e r a t u r e  i n  t h e  t h r e e  k i l n
z o n e s  a s  w e l l  a s  t h e  t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  t h e  
k i l n  g a s  an d  t h e  f e e d .
2 - 5
—    —           ........
F i g u r e  2 . 2  T e m p e r a t u r e  p r o f i l e s  i n  l o n g w e t  k i l n
The i m p o r t a n t  c a l c i n a t i o n  r e a c t i o n ,  w h i c h  i n v o l v e s  
t h e  e v o l u t i o n  o f  C0 2 f r o m  t h e  m e a l ,  i s  e n d o t h e r m i c  and  
t a k e s  t h e  f o r m :
Ca CO  ^ (high calc ium limestone) + Heat CaO (high calcium quick lime)
t
+ C02 ♦
and CaGO^ MgCO^  (dolomite l imestone)  + Heat CaO MgO (dolomitic  quick lime[
t
+ 2C02 + ;
w h i l s t  i t s  com m enc ing  t e m p e r a t u r e  d e p e n d s  up o n  t h e  r e l a t i v e  
p r o p o r t i o n  o f  t h e  l i m e s t o n e  c o n s t i t u e n t s .  I n  t h e  f e e d  any
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m a t e r i a l  t h a t  i s  n o t  c o m p l e t e l y  c a l c i n e d  b e f o r e  e n t e r i n g  t h e  
s i n t e r i n g  zo n e  i s  f o u n d  t o  be  e x t r e m e l y  d i f f i c u l t  t o  b u r n ,  
and  p r e s e n t s  o n e  o f  t h e  m a in  r e a s o n s  f o r  u p s e t  k i l n  c o n d i t i o n s .
I t  i s  t h e r e f o r e  e s s e n t i a l  t h a t  c o m p l e t e  c a l c i n a t i o n  i s  a c h i e v e d  
i n  o r d e r  t o  e n s u r e  s m o o th  o p e r a t i o n  o f  t h e  k i l n .
In  t h e  c l i n k e r i n g  o r  s i n t e r i n g  z o n e ,  t h e  l i m e  r i c h  m i x t u r e  
c o n t a i n i n g  s i l i c a ,  a l u m i n a ,  f e r r i c  o x i d e  and  a s m a l l  p e r c e n t a g e  
o f  o t h e r  o x i d e s  i s  h e a t e d  up  t o  t h e  s i n t e r i n g  t e m p e r a t u r e  and 
becom es  v i s c o u s .  The f o r m a t i o n  o f  t h e  i m p o r t a n t  compound C3S 
do e s  n o t  commence u n t i l  t h e  f r e e  l i m e ,  p r o d u c e d  f r o m  t h e  c a l ­
c i n a t i o n  r e a c t i o n ,  h a s  r e a c h e d  a t e m p e r a t u r e  o f  a p p r o x i m a t e l y  
1260°C .  F u r t h e r  i n c r e a s e s  i n  t e m p e r a t u r e  r e s u l t  i n  e v e n  
h i g h e r  C 3S f o r m a t i o n ,  t h e r e b y  e n a b l i n g  t h e  l i m e  an d  s i l i c a  
t o  c o m b i n e ,  u n t i l  b e t w e e n  1 3 7 0 - 1 4 0 0 ° C ,  a l l  o f  t h e  a v a i l a b l e  
f r e e  l i m e  h a s  d i s a p p e a r e d  c o m p l e t e l y .  I t  i s  t o  t h i s  f i n a l  
t e m p e r a t u r e  t h a t  t h e  m a t e r i a l  m u s t  be  r a i s e d  i n  o r d e r  t o  
e n s u r e  a  good q u a l i t y  p r o d u c t .
By t h e  t i m e  t h e  c l i n k e r  h a s  r e a c h e d  t h e  d i s c h a r g e  en d  o f  
t h e  k i l n ,  i t s  t e m p e r a t u r e  w i l l  h a v e  d r o p p e d ;  s l i g h t l y  b e lo w  
t h e  b u r n i n g  t e m p e r a t u r e .  P r o v i s i o n  i s  made t o  c o o l  t h e  
p r o d u c t  down t o  h a n d l i n g  t e m p e r a t u r e s  o f  a b o u t  60°C i n  v a r i o u s  
t y p e s  o f  h e a t  e x c h a n g e r ,  e i t h e r  i n t e g r a l  w i t h . t h e  r o t a r y  
k i l n  a s  i n  t h e  c a s e  o f  p l a n e t a r y  c o o l e r s ,  o r  s e p a r a t e  i n  t h e  form of 
t r a v e l l i n g  g r a t e  o r  r o t a r y  t y p e .  The h e a t  r e c o v e r e d  f r o m  
t h e s e  c o o l e r s  p r o v i d e s  p r e h e a t  t e m p e r a t u r e s  up  t o  850°C 
t o  t h e  s e c o n d a r y  a i r  t r a v e l l i n g  t h r o u g h  them  a n d  i n t o  t h e  
r o t a r y  k i l n .  A i r  f l o w  t h r o u g h  t h e  s y s t e m  i s  m a i n t a i n e d  and  
c o n t r o l l e d  by  an  i n d u c e d  d r a u g h t  f a n  an d  d am p er  s y s t e m  a t
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t h e  s o l i d s  i n p u t  e n d ,  w i t h  t h e  e x i t e d  f l u e  g a s  b e i n g  r e ­
l e a s e d  t o  t h e  a t m o s p h e r e  f o l l o w i n g  c l e a n i n g  i n  c y c l o n e  
c h am b e rs  o r  e l e c t r o s t a t i c  p r e c i p i t a t o r s .
2. 1 . 1  K i l n  F i r i n g
The h i g h  t e m p e r a t u r e s  r e q u i r e d  i n  t h e  r o t a r y  k i l n  a r e  
p r o v i d e d  by t h e  c o m b u s t i o n  o f  c o a l ,  o i l  o r  g a s .  The f u e l  
b u r n e r ,  w h i c h  i s  n o r m a l l y  a p l a i n  c y l i n d r i c a l  n o z z l e ,  i s  
f i r e d  d i r e c t l y  a l o n g  t h e  i n c l i n e d  a x i s ,  w i t h  p r e h e a t e d  
s e c o n d a r y  c o m b u s t i o n  a i r  s u p p l i e d  c o - a x i a l l y  t o  i t  f ro m  
t h e  c l i n k e r  c o o l e r .
F o r  c o a l  f i r i n g ,  t h e  f u e l  i s  g r o u n d  i n  e i t h e r  a b a l l  
o r  r o l l e r  m i l l  an d  i n j e c t e d  i n t o  t h e  k i l n  i n  a - p u l v e r i s e d  
fo rm .  Two t y p e s  o f  f i r i n g  a r e  a d v o c a t e d  -  d i r e c t  o r  i n ­
d i r e c t .  . I n  t h e  f o r m e r ,  h o t  a i r  t a k e n  f ro m  t h e  k i l n  hood  
i s  u s e d  t o  b lo w  t h e  c o a l  t h r o u g h  t h e  m i l l  an d  i n t o  t h e  k i l n  
t h r o u g h  t h e  f i r i n g  p i p e .  The r a t e  o f  f i r i n g  i s  t h e r e f o r e  
c o n t r o l l e d  by  t h e  v a r i a t i o n  o f  raw  c o a l  f e e d  t o  t h e  m i l l .
I n  t h e  i n d i r e c t  m e t h o d ,  t h e  p u l v e r i z e d  f u e l  i s  c o l l e c t e d  
by f i l t e r s  o r  i n  a  c y c l o n e  i m m e d i a t e l y  a f t e r  g r i n d i n g  and  
s t o r e d  i n  h o p p e r s ,  f r o m  w h i c h  i t  c a n  be  c o n t r o l l a b l y  e x ­
t r a c t e d  when r e q u i r e d .  T h i s  t y p e  o f  s y s t e m  n o t  o n l y  r e m o v e s  
t h e  b o t t l e n e c k  t h a t  o c c u r s  b e c a u s e  o f  t h e  d e p e n d e n c e  o f  
f i r i n g  on  t h e  m i l l  b u t  a l s o  r e d u c e s  t h e  am oun t  o f  w a t e r  
v a p o u r  f r o m  t h e  c o a l  t h a t  . i s  b low n  i n t o  t h e  k i l n .  The p r i m a r y  
a i r  r e q u i r e m e n t  o f  a n  i n d i r e c t  s y s t e m  i s  f a r  l o w e r  t h a n  t h a t  
f o r  d i r e c t  f i r i n g  -  1 0 % c o m p a r e d  t o  30% -  t h u s  r e d u c i n g  t h e  
p r i m a r y  a i r  f a n  p o w e r  r e q u i r e d  c o n s i d e r a b l y  3 5 .
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H o w ev e r ,  n o t  a l l  o f  t h e s e  c o n s i d e r a t i o n s  a r e  a d v a n ­
t a g e o u s  t o  t h e  o p e r a t i o n  o f  t h e  k i l n .  The r e m o v a l  o f  w a t e r  
v a p o u r  f r o m  t h e  c o a l  r e d u c e s  t h e  j e t  momentum, w h ic h  i n  
t u r n  t e n d s  t o  r e d u c e  t h e  f l a m e  t e m p e r a t u r e  and  k i l n  t h r o u g h ­
p u t .  T h i s  r e d u c e d  m i x i n g  a s s o c i a t e d  w i t h  t h e  l o w e r  momentum 
a l s o  h a s  a d e l e t e r i o u s  e f f e c t  on  k i l n s ,  w h e r e  b e l o w  c e r t a i n  
l i m i t s ,  t o o  low a p r i m a r y  a i r  v a l u e  r e d u c e s  t h e  c o m b u s t i o n  
e f f i c i e n c y  l e v e l  w h i c h  c a n  be  a c h i e v e d 36 . The t h i r d  
p r o b l e m  e n c o u n t e r e d  w i t h  i n d i r e c t  f i r i n g  i s  c o n c e r n e d  w i t h  
t h e  s a f e  s t o r a g e  a n d  h a n d l i n g  d i f f i c u l t i e s  i n v o l v e d  w i t h  p . f .
35F i g u r e  2 . 3  i l l u s t r a t e s  t h e  v a r i o u s  m e c h a n i c a l  compo­
n e n t s  a s s o c i a t e d  w i t h  b o t h  s y s t e m s .
F o r  o i l  f i r i n g ,  a h e a v y  g r a d e  b u r n e r  o i l  o f  3500 s e c  
i s  u s e d ,  b e i n g  t r a c e  h e a t e d  f r o m  s t o r a g e  t a n k  t o  f i r i n g  p i p e  
i n  o r d e r  t o  p e r m i t  e a s i e r  u n i n t e r r u p t e d  f l o w .  The a s s o c i a t e d  
b u r n e r  p i p e  i s  s i t u a t e d  i n  a s i m i l a r  p o s i t i o n  i n  t h e  k i l n  a s  
f o r  c o a l  f i r i n g ,  b u t  w i t h  an  o i l  a t o m i s e r  l o c a t e d  a t  t h e  
n o z z l e  e n d .  By u s i n g  s p i l l - r e t u r n  b u r n e r s ,  w i t h  a good 
t u r n - d o w n  r a t i o ,  t h e  p r i m a r y  a i r  r e q u i r e m e n t  t o  b o t h  a t o m i z e  
and  p r o j e c t  t h e  l i q u i d  f u e l  i n t o  t h e  f u r n a c e  i s  n o t  more  
t h a n  1 0 %.
I f  a k i l n  i s  c o n v e r t e d  f r o m  c o a l  t o  o i l  f i r i n g ,  t h e  j 
h e a t  c o n s u m p t i o n  r i s e s  b y  a b o u t  1 0 % due  t o  t h e  c h a n g e d  f l a m e  
c h a r a c t e r i s t i c s  o f  t h a t  f u e l  a n d  t h e  e x t r a  h e a t  l o s s e s  g e n e ­
r a t e d  f r o m  t h e  f l u e  g a s e s .  A l s o  l o s t  i s  t h e  a s h  d e p o s i t i o n  
a d v a n t a g e  a s s o c i a t e d  w i t h  p . f .  f i r i n g ,  w i t h  t h e  r e s u l t  t h a t  
t h e  p r o d u c t i o n  r a t e  i s  r e d u c e d .
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(a) Direct Notation :
1 Bowl Mill
2 IVcigh-Bclt-l eedcr
3 Raw Coal Silo
4 Damper
5 Booster Air Heater
6 Dust Trap
7 Clinker Cooler
S Rotary Kiln
©
(b) Indirect Notation.
1 Bowl Mill
2 Weigh- i$r!t-Feeder
3 Damper
4 Raw ( o.il Silo
5 Vent 1 an
6 Dust Collector
7 Booster Air Heater
fi Dust Trap
9 Clinker Cooler
10 Rotary Kiln
11 Primary Air Fan
12 Primary Air Damper
13 Storage silo for ground coal
14 Rotary Valve
15 Cyclone Collector
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Where s u p p l i e s  a r e  r e a d i l y  a v a i l a b l e ,  e t h a n e ,  n a t u r a l  
g a s  o r  o i l  r e f i n e r y  g a s  i s  u s e d  f o r  k i l n  f i r i n g .  The 
p r i m a r y  a i r  p e r c e n t a g e  w i t h  s u c h  f u e l  i s  v e r y  low o r  c o m p l e t e l y  
a b s e n t  i n  o r d e r  t o  a v o i d  d a n g e r o u s  p r e - m i x i n g .  I n  p l a n t s  
w h e re  t h e  g a s  c o m p o s i t i o n  i s  s u b j e c t  t o  v a r i a t i o n ,  a p i l o t  
o i l  b u r n e r  i s  u s e d  t o  m a i n t a i n  f l a m e  s t a b i l i t y .
The c h o i c e  o f  f u e l s  i s  n o t  l i m i t e d  t o  on e  o f  t h e  f o s s i l  
t y p e s ,  however . .  Cement m a n u f a c t u r e r s ,  e s p e c i a l l y  on t h e  
C o n t i n e n t ,  A u s t r a l i a  a n d  t h e  U n i t e d  S t a t e s  a r e  a d o p t i n g  a 
more  f l e x i b l e  a p p r o a c h  t o  f u e l  f i r i n g  w i t h  a n um ber  o f  k i l n s  
b e i n g  a d a p t e d  t o  o p e r a t e  on an  a l m o s t  d a i l y  f u e l  a v a i l a b i l i t y  
and  p r i c e  b a s i s .  A f u r t h e r  i n c r e a s e  i s  a l s o  e n v i s a g e d  i n  
t h e  u s e  o f  h i g h  c a l o r i f i c  w a s t e  p r o d u c t s  s u c h  a s  l i q u i d  
s o l v e n t s  o r  w h e a t  h u s k s  a s  a l t e r n a t i v e  f u e l  s u p p l e m e n t s ,  
e i t h e r  by  d i r e c t  i n j e c t i o n  i n t o  t h e  b a c k  e n d  o f  t h e  k i l n  o r  
a s  an a d d i t i v e  t o  t h e  raw  m e a l  i n  o r d e r  t o  l i b e r a t e  more  
h e a t  f u r t h e r  down t h e  p r o c e s s ,  w h i l e  some c o m p a n i e s  a r e  
l o o k i n g  a t  t h e  f e a s i b i l i t y  o f  b u r n i n g  r e f u s e  i n  t h e  p r o c e s s .
2 . 1 . 2  P r e h e a t i n g  an d  C a l c i n i n g
The c o s t  o f  p r o d u c i n g  P o r t l a n d  Cement i s  d e p e n d e n t  u p o n :
C a p i t a l  c h a r g e s  
L a b o u r  a n d  s u p e r v i s i o n  
M a i n t e n a n c e  
F u e l  c o n s u m p t i o n  
Pow er  c o n s u m p t i o n .
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Of t h e s e  f i v e  c o s t s ,  f u e l  and  p o w e r  r e p r e s e n t  some 50% 
o f  t h e  t o t a l 1 , an d  a r e  t h e  o n l y  o n e s  t h a t  c a n  be  e f f e c t i v e l y  
r e d u c e d  i n  o r d e r  t o  i n c r e a s e  t h e  p r o d u c t i o n  e f f i c i e n c y .
I n  t h e  l a t e  1 9 2 0 ' s  i t  was r e a l i z e d  t h a t  t h e  h e a t  c o n ­
s u m p t i o n  i n v o l v e d  i n  c l i n k e r  p r o d u c t i o n  i s  d e p e n d e n t ,  n o t  on 
c l i n k e r i z a t i o n  a s  o r i g i n a l l y . b e l i e v e d ,  b u t  on d r y i n g ,  a n d  
t h a t  t h e  a l l  i m p o r t a n t  r a t e  c o n t r o l  o f  t h e  p r o c e s s  was d e p e n ­
d e n t  upon t h e  c a l c i n a t i o n  r e a c t i o n .  I n  i t s  b a s i c  f o r m ,  t h i s  
r e a c t i o n
805°C f
Ca C03 + H e a t  .. I f  CaO + C02
i s  e n d o t h e r m i c  a n d  r e q u i r e s  some 422 k c a l / k g  o f  c l i n k e r  t o  
i n i t i a t e .  T h i s  v a l u e  r e p r e s e n t s  a b o u t  65% o f  t h e  t o t a l  h e a t  
r e q u i r e m e n t  o f  t h e  e n t i r e  p r o c e s s .
Added t o  t h i s  f a c t  was t h e  o b s e r v a t i o n  t h a t ,  i n  t h e  l o n g  
r o t a r y  k i l n ,  b e c a u s e  t h e  m a t e r i a l  i s  a r r a n g e d  on a s l o p e  
r u n n i n g  a l o n g  t h e  l o w e r  p a r t  o f  t h e  s h e l l ,  t h e  g a s  m a t e r i a l  
c o n t a c t  i s  r e l a t i v e l y  s m a l l .  T h e r e f o r e ,  t h e  r e a c t i o n s  i n  
t h e  d r y i n g  and  c a l c i n i n g  z o n e s  r e l y  e n t i r e l y  u p o n  c o n d u c t i o n  
a s  t h e  m a j o r  h e a t  t r a n s f e r  mode.
I n  1928 O t t o  L e l l e p  s u b m i t t e d  a p a t e n t 2 i n  w h i c h  a l l
t h e  f e e d  d r y i n g  a n d  p a r t  o f  t h e  c a l c i n i n g  r e a c t i o n s  w e re  
rem oved  f r o m  t h e  k i l n ,  and  e s t a b l i s h e d  on a d o w n d r a f t  t r a v e l l i n g
g r a t e  i n s i d e  an  e n c l o s e d  c h a m b e r .  I n  h i s  d e s i g n ,  i l l u s t r a t e d
i n  F i g u r e  2 . 4 5a l m o s t  t h e  e n t i r e  s u r f a c e  a r e a  o f  t h e  r aw  m e a l  
on t h e  b e d ,  i n  t h e  f o r m  o f  n o d u l e s ,  i s  i n  c o n t a c t  w i t h  h o t  
g a s e s  f r o m  a r o t a r y  k i l n .  The t h e o r e t i c a l  i m p r o v e m e n t  i n
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solids flow 
gas flow
Preheater roof
Figure 2.4 L e l l e p ' s  o r i g inal grate p r e h e a t e r  p a t e n t 2
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b o t h  c o n v e c t i o n  a n d  r a d i a t i o n  i n  t h e  s y s t e m  i s  s u c h  t h a t ,  
f o r  e q u a l  v o l u m e s ,  t h e  h e a t  e x c h a n g e  c o e f f i c i e n t  c o r r e s ­
p o n d i n g  t o  t h e .  g r a t e  i s  up  t o  t e n  t i m e s  a s  g r e a t  a s  t h a t  
o f  t h e  e q u i v a l e n t  r o t a r y  k i l n .  W i th  t h i s  i n c r e a s e d  c o e f f i ­
c i e n t  i t  was p o s s i b l e  t o  r e d u c e  t h e  l e n g t h  o f  t h e  a s s o c i a t e d  
k i l n ,  t h e r e b y  p r o m o t i n g  f u r t h e r  s a v i n g s  i n  c a p i t a l  and pow er  
c o n s u m p t i o n .
A l a t e r  i d e a ,  p a t e n t e d  i n  C z e c h o s l o v a k i a  i n  1934 by  
M. V o g e l - J o r g e n s e h 35- an  e m p lo y e e  o f  t h e  c o n t r u c t i o n  f i r m  
F .L .  S c h m i d t  and  Co. -  a t t e m p t e d  t o  e n h a n c e  t h e  g a s / m a t e r i a l
an d  c a l c i n i n g  r e a c t i o n s  e v e n  
f u r t h e r  by g r e a t l y  i n c r e a s i n g  
t h e i r  i n t i m a t e  c o n t a c t  and  
r e s i d e n c e  t i m e  w i t h i n  a s e r i e s  
o f  c y c l o n e s  c o n s t r u c t e d  b e f o r e  
t h e  r o t a r y  k i l n  i n l e t .
U n f o r t u n a t e l y ,  due  i n  
p a r t  t o  u n c o n t r o l l a b l e  d u s t  
l e v e l s  w i t h i n  t h e  s y s t e m ,  i t  
was n o t  u n t i l  1951 t h a t  t h e  
f i r s t  c o m m e r c i a l  u n i t ,  r e f e r r e d  
t o  a s  a s u s p e n s i o n  p r e h e a t e r  
by i t s  c o n s t r u c o r s  -  t h e  Humbold 
Company -  becam e  o p e r a t i o n a l .
The s y s t e m  a s  i l l u s t r a t e d  i n  
F i g u r e  2 . 5 3U c o n s i s t s  o f  s e v e ­
r a l  c y c l o n e s ,  a r r a n g e d  one  upon
h e a t  t r a n s f e r  d u r i n g  t h e  d r y i n g
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a n o t h e r ,  w i t h  e a c h  c y c l o n e  and  i t s  a s s o c i a t e d  g a s  d u c t  
f o r m i n g  o n e  p r e h e a t e r  s t a g e .  E ach  d i s c h a r g e  o p e n i n g  i s  
c o n n e c t e d  by  raw  mix  p i p e s  w h ic h  c o n v e y  m a t e r i a l  i n t o  t h e  
g a s  d u c t  b e n e a t h .  The raw mix  p i p e  i n  t h e  l o w e s t  s t a g e ,
IV, f l o w s  i n t o  t h e  much s h o r t e n e d  r o t a r y  k i l n .  I n  t h e  
u p p e r m o s t  s t a g e ,  t h e  g a s  w i t h d r a w n  by  t h e  i n d u c e d  d r a u g h t  
f a n ,  r e s p o n s i b l e  f o r  g e n e r a t i n g  t h e  v o r t e x  f l o w  i n  e a c h  
c y c l o n e ,  i s  e x p e l l e d  t o  t h e  a t m o s p h e r e  f o l l o w i n g  n o r m a l  
c l e a n i n g  o p e r a t i o n s .  One c a n  a p p r e c i a t e  t h e  p o s s i b l e  
r e d u c t i o n  i n  s i z e  o f  p l a n t  f o r  t h e s e  p r e h e a t e r  s y s t e m s  
f ro m  t h e  c o m p a r a t i v e  s o l i d s  and  g a s  t e m p e r a t u r e  r e c o r d i n g s
5
g a t h e r e d  by  Weber  a s  i l l u s t r a t e d  i n  F i g u r e  2 . 6 .
2.  2 The L e p o l  G r a t e  P r e h e a t e r
The o r i g i n a l  L e p o l  g r a t e  p r e h e a t e r  p r o v e d  t o  b e  a m os t  
a t t r a c t i v e  p l a n t  f o r  t h e  m a n u f a c t u r e  o f  P o r t l a n d  Cement, due  
t o  i t s  l o w e r  f u e l  c o n s u m p t i o n  c o m p a r e d  t o  t h e  o r i g i n a l  l o n g  
w e t - p r o c e s s  r o t a r y  k i l n .  I n  p r e s e n t  day  o p e r a t i o n ,  t h e  m u l t i ­
p a s s  g r a t e  h a s  r e d u c e d  t h e  p r o d u c t i o n  h e a t  r e q u i r e m e n t  t o  
a p p r o x i m a t e l y  800 k c a l / k g  o f  c l i n k e r .  D e s p i t e  t h e  eno rm ous  
e x p a n s i o n  o f  t h e  more  r e c e n t l y  d e v e l o p e d  s u s p e n s i o n  p r e ­
h e a t e r  k i l n s ,  t h e  L e p o l  r e m a i n s  p r e d o m i n a n t  i n  s i t u a t i o n s  
o f  u n f a v o u r a b l e  raw  m a t e r i a l ,  s u c h  a s  h i g h  a l k a l i  c o n t e n t .
I t s  a d v a n t a g e  i s  t h a t  o f  v e r s a t i l i t y ,  b e i n g  u s e d  n o t  o n l y  
f o r  c e m e n t ,  b u t  a l s o  f o r  t h e  b u r n i n g  o f  c r u s h e d  r o c k ,  s u c h  
a s  l i m e s t o n e  o r  d o l o m i t i c  g r a n i t e  a n d  t h e  p y r o p r o c e s s i n g  o f  
n i c k e l  a n d  i r o n - o r e  p e l l e t s .
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Suspension p re h e a t e r
F i g u r e .  J2.6 Comp a r i s o n  o f  r o t a r y  k i l n  l e n g t h  f o r  t h r e e  t y p e s  
o f  p l a n t  5
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The m a in  f e a t u r e s  o f  t h e  s y s t e m ,  i l l u s t r a t e d  i n  F i g u r e  
2 . 7  a r e  a ’ s h o r t 1 r o t a r y  k i l n ,  some 1 0 %  o f  t h e  l e n g t h  o f  a 
w e t - p r o c e s s  k i l n ,  w o r k i n g  i n  c o n j u n c t i o n  w i t h  a t o t a l l y  
e n c l o s e d  t r a v e l l i n g  g r a t e .  The g r a t e  i t s e l f  -  a m e c h a n i c a l  
b e l t  o f  i n t e r l o c k i n g  s l o t t e d  p l a t e s  -  i s  c o v e r e d  by  a 15 -  
20 cm d e e p  l a y e r  o f  raw  m a t e r i a l  i n  t h e  f o r m  o f  p e l l e t s  o r  
n o d u l e s ,  w i t h  m o i s t u r e  c o n t e n t s  o f  12-14% f o r  t h e  s e m i - d r y  
and  20% f o r  t h e  s e m i - w e t  p r o c e s s e s  r e s p e c t i v e l y .
P l a t e  2 !  shows t h e  i n t e r i o r  o f  RPC R o c h e s t e r  w o rk s  
L e p o l  g r a t e  a n d  g i v e s  an i d e a  o f  t h e  s i z e  a n d  t h e  p l a t e  
a r r a n g e m e n t  i n s i d e  t h e  c a l c i n e r  s e c t i o n .  The t o p  o f  t h e  
k i l n  s h u t e  c a n  j u s t  be  s e e n  i n  t h e  m i d d l e  b a c k g r o u n d ,  w h i l e  
t h e  i n s p e c t i o n  h a t c h e s  u t i l i z e d  i n  t h e  m ode l  w o rk  a r e  c l e a r l y  
v i s i b l e .
I n  c o n t r a s t  t o  t h e i r  o r i g i n a l  s i n g l e  c h a m b e r  p r e ­
d e c e s s o r s ,  t h e  m o d e rn  g r a t e s  o p e r a t e  w i t h  two o r  more  s e p a r a t e  
z o n e s ,  w i t h  a p h y s i c a l  d i v i s i o n  b e t w e e n  e a c h .  The g a s e s
l e a v i n g  t h e  k i l n  p a s s  up t h r o u g h  a s t e e p  i n c l i n e  -  t h e  s h u t e ,
*
o r  i n  p r e s e n t  i d i o m ,  t h e  p r e h e a t e r / k i l n  i n t e r f a c e  -  e n t e r i n g  
t h e  c a l c i n i n g  s e c t i o n  o f  t h e  p r e h e a t e r .  H e r e  t h e  h o t  g a s e s  
(0 lOOO°C) a r e  d ra w n  down t h r o u g h  t h e  m o v in g  m a t e r i a l  b e d  
an d  p a s s , v i a  a s e r i e s  o f  s u c t i o n  t u b e s  b e l o w  t h e  g r a t e ,  i n t o  
c y c l o n e  d u s t  c o l l e c t o r s .
The now p a r t i a l l y  c l e a n e d ,  p a r t l y  t h e r m a l l y  d e g r a d e d  
g a s e s  a r e  d e l i v e r e d ,  b y  an  i n t e r m e d i a t e  i n d u c t i o n  f a n ,  t o  
t h e  c h a m b e r  a b o v e  t h e  d r y i n g  z o n e ,  f r o m  w h e r e  t h e y  a r e  d raw n  
t h r o u g h  t h e  b e d  a s e c o n d  t i m e  b y  t h e  m a in  k i l n  i n d u c e d  d r a u g h t
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Figure 2.7 Gas flow scheme in Lepol grate preheater
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f a n ,  t o  be  e v e n t u a l l y  e x p e l l e d  t h r o u g h  t h e  s t a c k  f o l l o w i n g  
a p p r o p r i a t e  c l e a n i n g .  B e c a u s e  o f  t h e  f i l t e r i n g  e f f e c t  o f  
t h e  b e d  o f  n o d u l e s ,  t h e  d u s t  l o a d  o f  t h e  e x h a u s t  g a s e s  i s  
l o w , w h i l e  t h e  e x i t  t e m p e r a t u r e  and  m o i s t u r e  c o n t e n t  make 
them i d e a l l y  s u i t e d  f o r  e l e c t r o s t a t i c  p r e c i p i t a t i o n  
c l e a n i n g  t e c h n i q u e s .
The s y s t e m ’ s a b i l i t y  t o  p r o d u c e  a h i g h  q u a l i t y  c l i n k e r  
i s  e v i d e n c e d  b y  t h e  i n t e r m e d i a t e  c i r c u i t  d u s t  r e m o v a l  o f  
e x i t  g a s e s  an d  t h e  d i s c a r d i n g  o f  a l k a l i  l o a d e d  d u s t  g e n e r a t e d  
i n s i d e  t h e  a l k a l i  c o n d e n s a t i o n  a r e a .  Even  f u r t h e r  r e d u c t i o n s  
i n  a l k a l i  c o n t e n t  c a n  be  a c h i v e d  t h r o u g h  t h e  i n s t a l l a t i o n  
o f  a b y p a s s  a r r a n g e m e n t  i n  t h e  r o o f  o f  t h e  c a l c i n e r  z o n e ,  
c l o s e  t o  t h e  k i k n  e n d .  Some o f  t h e  e x - k i l n  g a s e s  d i v e r t e d  
t h r o u g h  t h i s  d u c t  a r e  c o o l e d  by g a s  p a s s e d  d i r e c t l y  f r o m  
t h e  c l i n k e r  c o o l e r .  The a l k a l i s  i n  t h e  b y - p a s s  commence t o  
p r e c i p i t a t e  o u t  an d  a r e  c o l l e c t e d  i n  d u s t  f i l t e r s  and  dumped. 
Such a s y s t e m  m a i n t a i n s  a low a l k a l i  c o n t e n t  c l i n k e r  w h i l e  
o b v i a t i n g  a r e d u c t i o n  i n  t h e  s y s t e m  t h r o u g h p u t  due  t o  a 
c o n s t r i c t i o n  o f  f l o w  f r o m  a b u i l d - u p  i n  t h e  s h u t e  an d  on 
t h e  c h am b e r  w a l l s .  A more  t h e o r e t i c a l  d e s c r i p t i o n  o f  t h e  
a l k a l i - c y c l e  i s  d e t a i l e d  i n  a s u b s e q u e n t  s e c t i o n .
2 . 2 !  D r y i n g  on  t h e  G r a t e
The h e a t  c o n s u m p t i o n  o f  t h e  w e t  P o r t l a n d  c e m e n t  p r o c e s s  
i s  n o t  d e t e r m i n e d  by  t h e  h e a t  r e q u i r e m e n t  o f  c a l c i n i n g  o r  
s i n t e r i n g ,  b u t  b y  t h a t  o f  d r y i n g ,  fo r , ,  a b o v e  a l i m i t i n g  v a l u e  
o f  8- 1 2 %,,t h e  a m o u n t  o f  m o i s t u r e  i n  t h e  raw  m e a l  i n c r e a s e s  
t h e  c o n s u m p t i o n  c o n s i d e r a b l y .  An i n d i c a t i o n  o f  t h i s  i s  g i v e n
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i n  t h e  c o n s u m p t i o n  f i g u r e s  o f  v a r i o u s  p r o c e s s e s  t a b l e d  by 
W e b e r 5 i n  F i g u r e  2 . 8 .
Process t ype
Lepol k i l n
Suspension
p rehea te r
Long wet 
process k i l n
Throughput
( t / h r )
1 8 . 6
• H e a t  
consumption 
(kcal/kg 
c l inke r )
818
T h e o r e t i c a l  ~ , .
h e a t  C100l:mg
requirement  osses
(kca l /kgc l )  (kca l /kgc l )
1 7 . 3
3 0 . 6
892
1382
366
396
389
99
109
84
F i g u r e  2 . 8  C o m p a r i s o n  o f  h e a t  c o n s u m p t i o n
A b r e a k d o w n  o f  t y p i c a l  s p e c i f i c  h e a t  r e q u i r e m e n t s  f o r  e a c h  
s t a g e  i n  t h e  L e p o l  p r o c e s s  i s  g i v e n  b e lo w :
E v a p o r a t i o n
S e n s i b l e  h e a t
C l i n k e r  b u r n i n g
D r y i n g
k c a l / k g .
90
35
H e a t i n g
k c a l / k g
32
204
160
The c o m p l i c a t e d  a n a l y s i s  o f  t h e  d r y i n g  o f  n o d u l e s  on 
a b e d  h a s  b e e n  s i m p l i f i e d  by  T r e y b a l 37 i n  w h i c h  t h e  m a t e r i a l  
d r y i n g  r a t e s  on  t h e  g r a t e  w e r e  d e t e r m i n i n g  f o r  c h a n g e s  i n  
m o i s t u r e  c o n t e n t  f r o m  a c o n s t r u c t i o n  o f  t h e  m o i s t u r e  c o n t e n t  
v e r s u s  t i m e  c u r v e ,  u s i n g  t h e  r e l a t i o n
N -  -  L A X / A  . A t ( 2 . 1 )
Figure 2.10 Drying rate curve, constant conditions 37
At i s  t i m e  i n t e r v a l ;
A i s  t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  b e d  p e r p e n d i c u l a r  
t o  t h e  f l o w  d i r e c t i o n ;
Lg i s  t h e  m ass  o f  d r y  s o l i d ;
a n d  N i s  t h e  d r y i n g  r a t e .
The e q u a t i o n  c a n  b e  r e - a r r a n g e d  i n  t e r m s  o f  d r y i n g  t i m e :
where AX is change in moisture content;
fX
At = Ls/A 1  dX/N ( 2 . 2 )
X2
F i g u r e s  2 . 8  a n d  2 . 9  i l l u s t r a t e  t h e  m o i s t u r e  c o n t e n t  v e r s u s  
d r y i n g  t i m e  c u r v e s  f o r  t h e  f o u r  d i s t i n c t  d r y i n g  r e g i m e s  t h a t  
e x i s t  i n - t h e  r e l a t i o n .
D u r i n g  t h e  i n i t i a l  a d j u s t m e n t  p e r i o d ,  AB, t h e  s o l i d  and  
l i q u i d  s u r f a c e s  a r e  u s u a l l y  c o l d e r  t h a n  t h e  u l t i m a t e  s u r f a c e  
t e m p e r a t u r e ,  t h u s  t h e  e v a p o r a t i o n  r a t e  a t  t h e  s t a r t  o f  t h e  
d r y i n g  s e c t i o n  i n c r e a s e s  w i t h  t e m p e r a t u r e .
T h e r e  t h e n  f o l l o w s  a c o n s t a n t  r a t e  p e r i o d ,  BC, i n  w h i c h  
d r y i n g  i s  a c c o m p l i s h e d  f r o m  t h e  s u r f a c e  o f  t h e  n o d u l e s  by  
t h e  d i f f u s i o n  o f  w a t e r  v a p o u r  t o  t h e  a i r  s t r e a m  p a s s i n g  
t h r o u g h  t h e  b e d .  The d r y i n g  t i m e  f o r  t h i s  p e r i o d  i s  d e t e r ­
m in e d  b y  t h e  r e l a t i o n  
L (X, -  Xo)
t  = - 5   —  ( 2 . 3 )
A . Nc
w h e re  X-^  and  X£ a r e  m o i s t u r e  r a t e s  a t  t h e  s t a r t  an d  en d  
o f  t h e  p e r i o d ,  a n d  N i s  t h e  c o n s t a n t  d r y i n g  r a t e .
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H o w ev e r ,  i t  i s  i n  t h e  t h i r d  p e r i o d ,  CD, t h a t  t h e  r e a l  
f a c t o r  w h i c h  i n f l u e n c e s  t h e  d r y i n g  t i m e  o c c u r s  -  t h a t  b e i n g  
t h e  m e c h a n i s m  by  w h i c h  m o i s t u r e  t r a p p e d  i n s i d e  t h e  n o d u l e  
i s  t r a n s f e r r e d  t o  t h e  s u r f a c e .  T h e r e f o r e ,  f r o m  t h e  e n d  o f  
t h e  c o n s t a n t  r a t e  p e r i o d ,  i t  i s  t h i s  d i f f u s i o n  r a t e  o f  w a t e r  
a l o n e  t h a t  c o n t r o l s  t h e  d r y i n g .  Once t h e  m o i s t u r e  c o n t e n t  
h a s  f a l l e n  t o  t h e  e q u i l i b r i u m  v a l u e  f o r  t h e  a i r  h u m i d i t y  i n  
t h e  f i n a l  p e r i o d ,  t h e  d r y i n g  r e a c t i o n  w i l l  c e a s e .  The t i m e  
t a k e n  f o r  t h i s  f a l l i n g  r a t e  zone  i s  g i v e n  b y :
L (X - X * )  I n  (X1 -  X*)
t  = —  £  .  ±   ( 2 . 4 )
NC . A  (X2 - X * )
w here  Xc an d  X* a r e  t h e  c r i t i c a l  and  e q u i l i b r i u m  m o i s t u r e  
c o n t e n t s  r e s p e c t i v e l y .
The t o t a l  d r y i n g  t i m e  i s  t h e  sum o f  2 . 4 ,  2 . 3 ;  g i v i n g
I n  (X1 - X * )Ls <Xc " X*) t  =  £----------
N . A c
+ ( X1 ~ X2^ (X2 -  X*) 1
( 2 . 5 )
From t h i s  r e l a t i o n s h i p ,  i t  b e co m e s  a p p a r e n t  t h a t  i t  i s  
p o s s i b l e  t o  m i n i m i z e  t h e  d r y i n g  t i m e  by  m a x i m i z i n g  b o t h  t h e  
a r e a  o f  t h e  b e d  a v a i l a b l e  t o  t h e  t r a n s m i s s i o n  o f  t h e  g a s  
s t r e a m  a n d  t h e  d r y i n g  r a t e ,  w h i l e  m a i n t a i n i n g  a n  o r i g i n a l  
low m o i s t u r e  c o n t e n t  o f  t h e  raw  m e a l .
F o l l o w i n g  t h e  d r y i n g  p r o c e s s ,  t h e  m a t e r i a l  on  t h e  L e p o l  
g r a t e  p a s s e s  u n d e r  t h e  d i v i d i n g  w a l l  an d  i n t o  t h e  c a l c i n e r  
s e c t i o n . .  I t  i s  i n  t h i s  zo n e  t h a t  t h e  m o s t  i m p o r t a n t  r a t e  
c o n t r o l l i n g  r e a c t i o n  o f  t h e  p r o c e s s  i s  i n i t i a t e d  -  t h e  
c a l c i n i n g  r e a c t i o n .
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The r e a c t i o n s  t h a t  o c c u r  d u r i n g  t h e  c a l c i n i n g  p r o c e s s  
a r e  a c o m b i n a t i o n  o f :
CaCO  ^ (high calcium quicklime) + Heat ^  CaO (High calcium quicklime) + CC^l
and
t
CaCO^ MgCO^  (Dolomitic l imestone) + H ea t^ :  CaOMgO (Dolomitic quicklime) + 2(X)2+
On t h e  g r a t e  t h i s  d i s s o c i a t i o n  o f  c a r b o n  d i o x i d e  i s  h i g h l y  
e n d o t h e r m i c ,  t h e  am ount  o f  h e a t  r e q u i r e d  and  t h e  commencement
t e m p e r a t u r e  b e i n g  d e p e n d e n t  upon  t h e  p r o p o r t i o n  o f
5 38e a c h  compound i n  t h e  raw m e a l .  Weber  and  Gygi g i v e  d i s ­
s o c i a t i o n  v a l u e s  o f  3 9 0 - 4 4 2  l cca l  o f  h e a t  r e q u i r e d  f o r  e v e r y  
k i l o g r a m . o f  CaCO^ p r e s e n t ,  d e c r e a s i n g  a s  i t s  p r o p o r t i o n  i n  
t h e  raw  m e a l  i s  r e d u c e d .
The t e m p e r a t u r e s  a t  w h i c h  t h e  ab o v e  r e a c t i o n s  o c c u r  a r e  
g i v e n  by  J o h n s t o n 39 an d  B o y n t o n 40 a s  898°C a n d  4 0 2 - 4 0 5 ° C  
f o r  c a l c i t e  a n d  d o l o m i t e  r e s p e c t i v e l y .
I n  t h i s  r e s e a r c h ,  t h e  r aw  m e a l  c o m p o s i t i o n  f o r  a t y p i c a l  
g r a t e  was s u c h  t h a t  t h e  h e a t  o f  d i s s o c i a t i o n  was  422 k c a l / k g ,  
w h i l e  t h e  t e m p e r a t u r e  a t  w h i c h  t h e  r e a c t i o n  commenced was 
t a k e n  t o  b e  a b o u t  800°C.
On a m i c r o s c o p i c  l e v e l ,  t h e  r a t e  a t  w h i c h  e a c h  n o d u l e  
o f  l i m e s t o n e  i s  c a l c i n e d  i s  g i v e n  by  t h e  s e m i - e m p i r i c a l  
e q u a t i o n  o f  F u r n a s  1+1 a s
2.2.2 The Calcination of Limestone
Log10 Rf = 0.003145 T - 3.3085 (2.6)
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w h ere  R* i s t h e  c a l c i n a t i o n  r a t e  i n  c m / h r
and  T i s t h e  t e m p e r a t u r e  o f  t h e  n o d u l e ,  °C .
F o r t h e L e p o l  p r e h e a t e r ,  t h e  e f f i c i e n c y  o f t h e c a l c i n i n g
r e a c t i o n c an b e  d e d u c e d  i n  t e r m s  o f  h e a t  l o s s e s i n t h e  s y s t e m
s u c h  t h a t ;
< t
t
n %
qvk
^VK _ H e a t  s u p p l i e d  42 
Qy^ H e a t  l o s t
( 2 . 7 )
The c o n s t i t u e n t s  o f  e a c h  t e r m  a r e  g i v e n  b y :
Qvk
= AQg + a ^MN + AQo + A(^ v ( 2 . 8)
Qv
= AQC0 + AQSK + AQa g ( 2 . 9 )
%
=
qe + Qmw + % ( 2 . 1 0 )
w h e re
%
= h e a t  r e q u i r e d  f o r  c a l c i n i n g  raw  m e a l
^MW = h e a t  c o n t a i n e d  i n  raw  m e a l
% ss h e a t  c o n t a i n e d  i n  k i l n  e x i t  g a s e s
qsk
= r a d i a t i o n  l o s s e s
qag
= e x h a u s t  g a s  l o s s e s
QC0
= e x h a u s t  g a s  CO c o n t e n t
E i g e n  4
5
an d  Weber h a v e  c a r r i e d  o u t  e x t e n s i v e p l a n t
t r i a l s  t o o b t a i n  t e m p e r a t u r e  m e a s u r e m e n t s  a l o n g t h e g r a t e ,
w i t h  t h e  l a t t e r  u s i n g  a s e r i e s  o f  l o n g  t r a i l i n g  t h e r m o ­
c o u p l e s  i n  o r d e r  t o  c o m p i l e  a r e a s o n a b l y  a c c u r a t e  p r e h e a t e r  
t e m p e r a t u r e  p r o f i l e .  From E i g e n ’ s t h e o r e t i c a l  and  p r a c t i c a l  
a s s e s s m e n t ,  t y p i c a l  t e m p e r a t u r e s  e n c o u n t e r e d  a t  e a c h  i n t e r ­
f a c e  a r e :
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to ta l  d e p t h  o f  l a y e r  o f  g ranu les '* /J j /77  
e r r o r  in m e a s u r e m e n t  It l O %
900
t e m p e r a t u r e  in 
l a y e r  o f  g r a n u l e s ^  
a t  h e i g h t : 18 cm
-^drying c h a m b e r ^ — c a l c i n i n g  c h a m b e r —
to ta l  len g  th o f  g r a t e  
I j\
N
CFigure 2.11 Material temperatures of Lepol bed
C a l c i n e r / d r i e r  P r e h e a t e r / k i l n  
M a t e r i a l  tem p e r a t u r e  110 ± 15°C 550°C
Gas t e m p e r a t u r e  270 ± 15°C 750 ± 30°C
H o w ev e r ,  Weber  o b s e r v e d  t h a t  o n l y  p a r t  o f  t h e  g a s  e m e r g i n g
from  t h e  r o t a r y  k i l n ,  w i t h  a t e m p e r a t u r e  o f  o v e r  750°C ,
a c t u a l l y  i n t e r a c t s  w i t h  t h e  b e d  o f  n o d u l e s  o f  550°C .  The
r e m a i n i n g  g a s  i s  d ra w n  down t h r o u g h  n o d u l e s  o f  a c o n s i d e r a b l y
lo w e r  t e m p e r a t u r e  f u r t h e r  down t h e  g r a t e  w i t h  a h i g h  p r o p o r t i o n
p a s s i n g  u n d e r  t h e  i n t e r f a c e  w a l l  and  d i r e c t l y  i n t o  t h e  d r i e r
3s e c t i o n .  M e e r a b u x ’ s i s o t h e r m a l  m ode l  r e s u l t s  showed  c l e a r l y  
t h a t  s u c h  p r o t o t y p e  o b s e r v a t i o n s  w e r e  t h e  r e s u l t  o f  t h e  p o o r  
a e r o d y n a m i c s  g e n e r a t e d  b y  t h e  d e s i g n  o f  t h e  c a l c i n e r  s e c t i o n  
and t h e  k i l n  s h u t e .
B o th  M e e r a b u x  a n d  W e b e r ’ s o b s e r v a t i o n s  a r e  i m p o r t a n t  when 
c o n s i d e r i n g  t h e  t h e o r e t i c a l  c o n d i t i o n s  t h a t  a r e  r e q u i r e d  f o r  
c a l c i n i n g ,  a n d  t h e  a c t u a l  p l a n t  c o n d i t i o n s  t h a t  a r e  e n c o u n t e r e d .  
The i m p o r t a n c e  p l a c e d  on e f f i c i e n t  s y s t e m  a e r o d y n a m i c s  i s  
e x e m p l i f i e d  b y  t h e  t h r e e  e s s e n t i a l  f a c t o r s  t h a t  a r e  r e q u i r e d  
n o t  o n l y  f o r  maximum e f f i c i e n c y  o f  e x i s t i n g  L e p o l  p r e h e a t e r s ,  
b u t  e v e n  more  so  f o r  t h o s e  m o d i f i e d  t o  a c c e p t  p r e c a l c i n i n g  
b u r n e r s .  T h e s e  f a c t o r s  a r e :
(1) As h i g h  a p r o p o r t i o n  a s  p o s s i b l e  o f  t h e  m e a l  on  t h e  g r a t e  
m u s t  b e  r a i s e d  t o  t h e  d i s s o c i a t i o n  t e m p e r a t u r e ;
(2) T h i s  minimum t e m p e r a t u r e ,  b u t  i n  p r a c t i c e  a h i g h e r  o n e ,  
m u s t  be  m a i n t a i n e d  f o r  a c e r t a i n  d u r a t i o n ;
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(3) T h a t  t h e  c a l c i n a t i o n  r e a c t i o n  b e i n g  r e v e r s i b l e ,  makes  
i t  i m p e r a t i v e  t h a t  a l l  t h e  C02 e v o l v e d  m u s t  be  r e m o v e d  
a s  q u i c k l y  a s  p o s s i b l e  i n  o r d e r  t o  a v o i d  r e c o m b i n a t i o n .
I t  h a s  becom e e v i d e n t  f r o m  b o t h  l a b o r a t o r y  w ork  and  
f i e l d  t r i a l  o b s e r v a t i o n s  t h a t  s u c h  c r i t e r i a  a r e  n o t  b e i n g  
c o m p l e t e l y  s a t i s f i e d  u n d e r  p r e s e n t  d e s i g n s .
2 . 2 . 3  The D u s t  an d  A l k a l i  C y c l e s  i n  t h e  L e p o l  G r a t e  
P r e h e a t e r
I n  a c o n v e n t i o n a l  l o n g  r o t a r y  k i l n ,  t h e  p h y s i c a l  a c t i o n  
o f  r o t a t i o n  and  h i g h  vo lum e  a i r  f l o w ,  a l o n g  w i t h  t h e  c h e m i c a l  
r e a c t i o n s  o c c u r r i n g  w i t h i n  t h e  h e a t i n g  z o n e ,  g e n e r a t e  e x ­
h a u s t  g a s e s  w i t h  h i g h  d u s t  and  a l k a l i  c o n t e n t s .  I f  t h e s e  
g a s e s  a r e  n o t  e r a d i c t e d  f ro m  t h e  s y s t e m ,  t h e i r  p r o d u c t s  
com bine  w i t h  t h e  i n c o m i n g  raw7 m e a l ,  r e p e a t i n g  t h e  p r o c e s s ,  
b u t  w i t h  a r e i n f o r c e m e n t  o f  t h e  c o n t e n t  l i b e r a t e d  i n  e v e r y  
s u b s e q u e n t  c y c l e .
By n a t u r e  o f  t h i s  o p e r a t i o n ,  t h e  f i l t e r i n g  e f f e c t  o f  
t h e  g r a t e  b e d  a n d  t h e  ' d u m p i n g 1 o f  m a t e r i a l  c o l l e c t e d  i n  t h e  
i n t e r m e d i a t e  c i r c u i t  c y c l o n e s  p r e s e n t s  t h e  L e p o l  p r e h e a t e r  
a s  an  i d e a l  s y s t e m  f o r  r e m o v i n g  h i g h  d u s t  a n d  a l k a l i  c o n ­
c e n t r a t i o n s  t h a t  d e v e l o p  i n  t h e  a s s o c i a t e d  r o t a r y  k i l n .  I n  
a d o p t i n g  t h e  p r e c a l c i n e r  o p t i o n ,  t h e  i n f l u e n c e  o f  s u c h  
c y c l e s  on k i l n  m a n ag em en t  n e e d s  t o  be  u n d e r s t o o d ,  e s p e c i a l l y  
w i t h  r e s p e c t  t o  t h e  a e r o d y n a m i c  c h a n g e s  i n v o l v e d  w i t h  t h e  
i n t r o d u c t i o n  o f  a l k a l i  b y - p a s s  c o n d u i t s  i n  t h e  c a l c i n e r .  
s e c t i o n .
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Of the. two o p e r a t i o n a l  p r o b l e m s  -  h i g h  d u s t  p i c k - u p  and  
a l k a l i  b u i l d - u p  -  t h o s e  p e r t a i n i n g  t o  t h e  a l k a l i  c y c l e  a r e  
t h e  m o s t  i n f l u e n t i a l .  H o w ev e r ,  t h e r e  a r e  two ways  i n  w h ic h  
i t s  r e d u c t i o n  c a n  be  s e c u r e d ,  e i t h e r :
(a )  P e r m i t t i n g  n o n e  o f  t h e  a l k a l i s  t o  v a p o r i z e  i n  t h e  r o t a r y  
k i l n  -  s u c h  a s o l u t i o n  i s  a l s o  b e n e f i c i a l  i n  e n e r g y  t e r m s  
as  f u e l  c o n s u m p t i o n  i s  p r o p o r t i o n a l  t o  t h e  am oun t  o f  a l ­
k a l i  l i b e r a t e d ;
o r
(b) By p a y i n g  t h e  e n e r g y  p e n a l t y  an d  e n h a n c i n g  t h e  e v a p o r a t i o n  
b u t  a l l o w i n g  v e r y  l i t t l e ,  i f  a n y ,  o f  t h e  a l k a l i s  t o  
c o n d e n s e  w i t h i n  t h e  s y s t e m .
T h i s  l a t t e r  a l t e r n a t i v e ,  a l o n g  w i t h  some fo r m  o f  ' v a l v e *  
i n c o r p o r a t e d  i n  t h e  p r e h e a t e r ,  i s  one  way i n  w h i c h  a low 
a l k a l i  c o n t e n t  p r o d u c t  c a n  be  p r o d u c e d  f r o m  a h i g h  c o n t e n t  raw  
m e a l .
I n  o r d e r  t o  i d e n t i f y  w h i c h  p a r a m e t e r  e x e r t e d  t h e  m o s t
4 3e f f e c t  on t h e  a l k a l i  c y c l e ,  Goes u n d e r t o o k  a s e r i e s  o f  
l a b o r a t o r y  s i m u l a t i o n s  o f  t h e  v a p o r i z a t i o n  r e a c t i o n .  He c o n ­
c l u d e d  t h a t : -
(a )  The v o l a t i l i t y  o f  t h e  a l k a l i s  d e p e n d s  up o n  t h e  SO^ an d  
i r o n  c o n t e n t  o f  t h e  r aw  m e a l ,  i n c r e a s i n g  w i t h  d e c r e a s i n g
• c o n t e n t  o f  e a c h ;
(b) The v o l a t i l e  v a p o r i z a t i o n  commences a t  8 0 0 -1 0 0 0 ° C  and  
i n c r e a s e s  w i t h  t e m p e r a t u r e  and  r e t e n t i o n  t i m e ;
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( c )  The v o l a t i l i t y  i n c r e a s e s  w i t h  SO^ c o n t e n t  i n  t h e  k i l n  
g a s e s  and  an  i n c r e a s e d  p r e s e n c e  o f  w a t e r  v a p o u r .
A t y p i c a l  a l k a l i  b a l a n c e  f o r  t h e  L e p o l  p r e h e a t e r  c o m p a r e d  
t o  a c o n v e n t i o n a l  l o n g  w e t  p r o c e s s  k i l n  i s  i l l u s t r a t e d  i n  
F i g u r e  2 .1  35 .
The v o l a t i l i z a t i o n  c y c l e  i t s e l f  c o n s i s t s  o f  two c o m p o n e n t s  -  
i n t e r n a l  and  e x t e r n a l .  The e x t e r n a l  c y c l e  i s  c o m p r i s e d  o f  a l l  
t h e  a l k a l i s  t h a t  e n t e r  a n d  l e a v e  t h e  k i l n  a s  raw  m e a l  o r  c l i n k e r  
p r o d u c t ,  w h i l e  t h e  i n t e r n a l  c y c l e  i s  g e n e r a t e d  by  a l k a l i s  v a p o r ­
i z i n g  i n  t h e  s i n t e r i n g  z o n e .  The a d v a n t a g e  o f  t h e  L e p o l  s y s t e m  
i s  t h a t  n o t  o n l y  c a n  i t  r e d u c e  t h e  e f f e c t  o f  b o t h  c y c l e s  t h r o u g h  
t h e  i n t e r m e d i a t e  r e m o v a l  o f  d u s t  f r o m  t h e  c a l c i n e r  s e c t i o n ,  b u t  
can  a l s o ,  i n  some i n s t a n c e s ,  e n s u r e  t h a t  n o n e  o f  t h e  i n t e r n a l  
a l k a l i s  c o n d e n s e  w i t h i n  t h e  g r a t e  c o n f i n e s  t h r o u g h  t h e  i m p l e ­
m e n t a t i o n  o f  t h e  a l k a l i  b y - p a s s .  B o th  o f  t h e s e  c h a r a c t e r i s t i c s  
a c t  a s  one  way ’ v a l v e s ’ i n  m a i n t a i n i n g  a low a l k a l i  c l i n k e r  
p r o d u c t .
The a c t u a l  p r e c i p i t a t i o n  o f  t h e  a l k a l i s  on t h e  g r a t e  d e p e n d s  
p r i m a r i l y  on t h e  b e d  p o r o s i t y  an d  i n c r e a s e s  w i t h  b e d  d e n s i t y  
b r o u g h t  a b o u t  by  t h e  b u i l d - u p  o f  d u s t .  The am ount  o f  s u c h  d u s t  
i n  t h e  k i l n  an d  p r e h e a t e r  i s  a c o m b i n a t i o n  o f  p h y s i c a l  i n t e r ­
a c t i o n s ,  s u c h  a s  h i g h  g a s  v e l o c i t i e s  o r  a h i g h  p r o p o r t i o n  o f  
f i n e s  i n  t h e  raw  m e a l ,  t h e  h e a t i n g  r a t e s ,  t h e  nu m b er  o f  h e a t  
e x c h a n g e r  i n s e r t s  w i t h i n  t h e  s y s t e m ,  and  t h e  s e v e r i t y  o f  n o d u l e  
d i s i n t e g r a t i o n  on  t h e  g r a t e .  T h i s  l a t t e r  p henom enon  i s  par t ly-due  to  
d i f f e r e n t i a l  h e a t i n g  o f  t h e  c o r e  an d  s u r f a c e  o f  t h e  raw  m e a l  
p a r t i c l e  and  i s  u s u a l l y  a s s o c i a t e d  w i t h  u n e v e n  t e m p e r a t u r e
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d i s t r i b u t i o n  i n  t h e  d r y i n g  z o n e ,  f o l l o w e d  by  a s u d d e n  t e m ­
p e r a t u r e  r i s e  a s  t h e  n o d u l e s  e n t e r  t h e  c a l c i n e r  z o n e .  The 
r e a c t i o n  i s  d r a m a t i c ,  w i t h  t h e  s o u n d  o f  e x p l o d i n g  n o d u l e s  
c l e a r l y  a u d i b l e  o u t s i d e  t h e  g r a t e .
As w i t h  a l k a l i  v a p o r i z a t i o n ,  t h e r e  i s  a l s o  an i n t e r n a l  
and  e x t e r n a l  d u s t  c y c l e  i n  t h e  c o n v e n t i o n a l  p r o c e s s ,  w i t h  
t h e  f o r m e r  c o n s i s t i n g  o f  d u s t  g e n e r a t e d  i n  t h e  k i l n  b e i n g  
’ dum ped 1 i n  t h e  p r e h e a t e r .  T h e o r e t i c a l l y ,  t h e  e x t e r n a l  
c y c l e  c o n s i s t s  o f  d u s t  r e m o v e d  f r o m  t h e  p r e h e a t e r  and  r e t u r n e d  
t o  t h e  k i l n  i n l e t .  H o w ev e r ,  i n  t h e  L e p o l  s y s t e m ,  t h e  e x t e r n a l  
c h a i n  i s  b r o k e n ,  a s  a l m o s t  a l l  t h e  d u s t  c o l l e c t e d  i n  t h e  
i n t e r m e d i a t e  c y c l o n e s  i s  dumped ,  w i t h  t h e  r e m a i n d e r  b e i n g  
r e t u r n e d  t o  t h e  d r i e r  c h a m b e r .
H o w ev e r ,  a c o m b i n a t i o n  o f  b u r s t  n o d u l e s ,  c o u p l e d  w i t h  
t h e  m e c h a n i c a l  a c t i o n  o f  t h e  t r a v e l l i n g  g r a t e  g i v e s  r i s e  t o  
a n o t h e r  s o u r c e  o f  d u s t  i n  t h e  fo r m  o f  r i d d l i n g s ,  w h i c h  c o n ­
s i s t  o f  m a t e r i a l  t h a t  h a s  f a l l e n  t h r o u g h  t h e  s l o t s  i n  t h e  
i n d i v i d u a l  b e d  s u p p o r t  p l a t e s .  T h i s  d u s t ,  r e p r e s e n t i n g  some 
1 0 % o f  t h e  p r e h e a t e r  t h r o u g h p u t ,  i s  d i r e c t e d  i n t o  t h e  r o t a r y  
k i l n  by  s c r e w  c o n v e y o r  an d  e l e v a t o r  a r r a n g e m e n t .
As w i t h  a l k a l i  p r e c i p i t a t i o n ,  t h e  p o r o s i t y  o f  t h e  g r a t e  
b e d  h a s  a s i g n i f i c a n t  e f f e c t  on t h e  d u s t  b u i l d - u p  i n  t h e  
c h a m b e r .  A d e n s e  b e d  w i t h  a h i g h  a i r  f l o w  r e s i s t a n c e  i n  
t h e  c a l c i n e r  s e c t i o n  i s  c r e a t e d  b y  t h e  b u r s t i n g  n o d u l e s .  Such  
a b e d  t r a p s  m ore  d u s t  f r o m  t h e  k i l n  u n t i l ,  a t  a s t a g e  w h e re  
l i t t l e  f a l l s  t h r o u g h  t o  t h e  r i d d l i n g  i n t a k e s  b e l o w ,  t h e  b e d  
becom es  t o t a l l y  ’ b l i n d ' ,  t h e r e b y  s e v e r e l y  r e d u c i n g  g a s  f l o w  
and  t h r o u g h p u t .
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The t h e r m a l  c o n d i t i o n s  r e q u i r e d  f o r  m a k in g  g o o d 7 
t h a t  i s  s t r o n g ,  c e m e n t  i n  a r o t a r y  k i l n  a r e  t o  h a v e  h e a t  w e l l  
up i n t o  t h e  c a l c i n i n g  zo n e  a l o n g  w i t h  h i g h  t e m p e r a t u r e s  on 
t h e  n o s e  r i n g  i n  t h e  c l i n k e r i n g  z o n e .  T h i s  s i t u a t i o n  becom es  
more a p p a r e n t  f r o m  t h e  n a t u r e  o f  t h e  c h e m i c a l  r e a c t i o n s  i n ­
v o l v e d  i n  e a c h  z o n e ,  w i t h  t h e  a l r e a d y  f a m i l i a r  c a l c i n i n g  r e a c t i o n
805°C f
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b e i n g  h i g h l y  e n d o t h e r m i c  a n d  r e q u i r i n g  h e a t  t o  i n i t i a t e ,  
w h i l e  t h e  c l i n k e r i n g  r e a c t i o n
16S0°C
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i s  e x o t h e r m i c ,  w i t h  t e m p e r a t u r e  b e i n g  i t s  o n l y  r e q u i r e m e n t .
Such - r e q u i r e m e n t s  l e a d  t o  two i m p o r t a n t  c o n c l u s i o n s :
(1) I n  a c o n v e n t i o n a l  r o t a r y  c e m e n t  k i l n ,  l o n g  f l a m e s  a r e  
d e s i r a b l e ;
(2) Cement p r o d u c t i o n  c o u l d  be  s i g n i f i c a n t l y  i m p r o v e d  i f  
a l a r g e  p r o p o r t i o n  o f  t h e  a v a i l a b l e  h e a t  i n  t h e  k i l n  i s  
s u p p l i e d  d i r e c t l y  t o  t h e  c a l c i n i n g  z o n e .
T h i s  s e c o n d  c o n c l u s i o n  i s  t h e  p r i n c i p l e  b e h i n d  p r e - c a l -  
c i n i n g .
U n f o r t u n a t e l y ,  t h e  r o t a r y  k i l n  e x h i b i t s  s u c h  a p o o r  g a s /  
m a t e r i a l  c o n t a c t  t h a t  a n y  a d d i t i o n a l  h e a t  i n p u t  i n t o  t h e  
a p p r o p r i a t e  zo n e  i s  i n e f f i c i e n t .  L e l l e p  an d  V o g e l - J o r g e n s e n ’ s 
d e s i g n  o v e rc o m e  t h i s  p r o b l e m  by  e n h a n c i n g  s u c h  c o n t a c t  e i t h e r
2.3 Precalcining
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by f o r c e d  d r a u g h t  p e n e t r a t i o n  o f  a t r a v e l l i n g  b e d  o f  s e m i ­
w e t / s e m i - d r y  n o d u l e s  o r  t h r o u g h  i n t i m a t e  c o n t a c t  an d  h i g h  
r e s i d e n c e  t i m e  a f f o r d e d  b y  a c y c l o n e  v o r t e x .
H a v in g  re m o v e d  a  h i g h  p r o p o r t i o n  o f  t h e  c a l c i n i n g  r e a c t i o n  
t o  t h e s e  p r e h e a t e r s ,  t h e  p o s s i b i l i t y  e x i s t s  t o  im p r o v e  t h e
h e a t  c o n s u m p t i o n  o f  t h e  e n t i r e  s y s t e m  e v e n  f u r t h e r  by r a i s i n g  t h e
- O  jg a s  t e m p e r a t u r e s  i n  t h e s e  u n i t s ,  f r o m  t h e  n o r m a l  1100 C, t o  
s a y ,  1 6 0 0 - 1 7 0 0 ° C ,  t h e r e b y  c o m p l e t i n g  a l m o s t  a l l  t h e  C02 e v o ­
l u t i o n  p r i o r  t o  e n t r y  i n t o  t h e  k i l n .  One way o f  p a r t i a l l y  f u l f i l l i n g  
t h e s e  t e m p e r a t u r e  r e q u i r e m e n t s  i s  t o  i n c r e a s e  t h e  h e a t  c o n t e n t  
o f  t h e  e x - k i l n  g a s e s  t h r o u g h ‘a  c h a n g e . i n  f l a m e  p r o f i l e . T h e  back-end 
t e m p e r a t u r e  i s  g o v e r n e d  p r i n c i p a l l y  by  t h r e e  f a c t o r s :  s p e e d  
o f  I . D  f a n ,  f u e l  r a t e  an d  f e e d  r a t e .  Of t h e s e ,  t h e  I . D .  f a n  
s p e e d  a n d  f u e l  r a t e  a r e  t h e  u s u a l  c a u s e s  o f . b a c k - e n d  t e m p e ­
r a t u r e  v a r i a t i o n .  A m ore  t h o r o u g h  e x a m i n a t i o n  o f  t h e  r e ­
l a t i o n s h i p  i s  g i v e n  i n  a l a t e r  s e c t i o n  c o n c e r n i n g  f l a m e  
l e n g t h ,  w h i l e  27 b a s i c  c o n t r o l  c o n d i t i o n s  a r e  g i v e n  i n  A p p e n -
A  * T 34d i x  I .
The f l a m e  p r o f i l e  c o u l d  b e  a p p r o p r i a t e l y  c h a n g e d  by  an  
i n c r e a s e  i n  e x c e s s  a i r  p a s s i n g  t h r o u g h  t h e  c o o l e r  f r o m  an  
i n c r e a s e  i n  t h e  I . D .  f a n  d r a u g h t .  U n f o r t u n a t e l y ,  s u c h  a 
s o l u t i o n  l e a d s  t o  c a l c i n e d  m a t e r i a l  i n  t h e  p r e h e a t e r  c o n ­
d e n s i n g  a n d  s t i c k i n g  t o  t h e  w a l l s  o f  t h e  k i l n / p r e h e a t e r  i n t e r ­
f a c e  o r  s h u t e ,  t h e r e b y  l o w e r i n g  t h e  k i l n  t h r o u g h p u t .  I n  t h e  
k i l n  i t s e l f ,  t h e  s h o r t  h a r d  f l a m e  g e n e r a t e d  by  t h e  h i g h e r  
e x c e s s  s e c o n d a r y  a i r  w o u l d  a f f e c t  t h e  r e f r a c t o r y  l i n i n g  i n  
t h e  s i n t e r i n g  z o n e ,  w i t h  t h e  r i s k  o f  i t s  p r e m a t u r e  d e s t r u c t i o n ,  
c r e a t i n g  an  i n c r e a s e d  ’ d o w n - t i m e '  due  t o  u n w a r r a n t e d  r e - . ' . ;
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b r i c k i n g  a s  w e l l  a s  i n c r e a s i n g  t h e  l o c a l i z e d  h e a t  l o s s  by 
r a d i a t i o n  f r o m  t h e  k i l n  s h e l l  t o  t h e  o u t s i d e  e n v i r o n m e n t .
The c o m m e r c i a l  p r e c a l c i n i n g  c o n c e p t  a v o i d s  s u c h  p r o b l e m s  
by i n t r o d u c i n g  an  i n d e p e n d e n t  s o u r c e  o f  h e a t  d i r e c t l y  i n t o  
t h e  p r e h e a t e r  e i t h e r  i n  t h e  f o r m  o f  a s i m p l e  m e c h a n i c a l  
s y s t e m  f o r  i n j e c t i n g  f u e l ,  o r  a s o p h i s t i c a t e d  a u x i l i a r y  
b u r n e r  a r r a n g e m e n t  c a p a b l e  o f  d e l i v e r i n g  up t o  60% o f  t h e  
t o t a l  p r o c e s s  h e a t  r e q u i r e m e n t '  i n t o  t h e _ z o n e .
The a u x i l i a r y  b u r n e r  s y s t e m  d o e s  p r e s e n t  one  m a j o r  p r o b l e m  -  
n a m e l y , a n  o x y g e n  r e q u i r e m e n t  t o  e n s u r e  c o m p l e t e  and  e f f i c i e n t  
c o m b u s t io n " .  I n  some i n s t a n c e s , s u c h  as  t h e  c a s e  w h e re  p r o d u c t  
q u a l i t y  i s  more  i m p o r t a n t  t h a n  s y s t e m  e f f i c i e n c y ,  c o l d  a m b i e n t  
a i r  i s  s u p p l i e d  by  i n l e a k a g e  i n t o  t h e  p r e h e a t e r .  A more  
e f f i c i e n t  m e th o d  i s  t o  s u p p l y  more  o x y g e n  t o  t h e  p r e h e a t e r  
by i n c r e a s i n g  t h e  b a c k - e n d  p e r c e n t a g e  e x - k i l n  t h r o u g h  an  i n ­
c r e a s e  i n  I . D .  d r a u g h t  a n d  i n c r e a s e d  s e c o n d a r y  e x c e s s .
The p r o b l e m s  c a u s e d  by  s u c h  a s o l u t i o n  h a v e  a l r e a d y  b e e n  
m e n t i o n e d .
One s o l u t i o n  t h a t  i s  e m p lo y e d  by  t h e  m o s t  t h e r m a l l y  i
e f f i c i e n t  c o m m e r c i a l  s y s t e m s  u t i l i z e s  a s e p a r a t e  d u c t  f r o m  
t h e  c o o l e r  o r  k i l n  h o o d  t o  s u p p l y  p r e h e a t e d  a i r  d i r e c t l y  j  
t o  t h e  p r e c a l c i n e r  c h a m b e r .
The t h e o r e t i c a l  a d v a n t a g e s  o f  a d o p t i n g  t h e  p r e c a l c i n i n g  ■ 
o p t i o n  m a n i f e s t  t h e m s e l v e s  i n  two w ays :
( i )  I f  p r e c a l c i n i n g  i s  i n t r o d u c e d  i n t o  an  e x i s t i n g  p l a n t ,  
t h e  p r o d u c t i o n  r a t e  c a n  b e  m u l t i p l i e d  by  1 . 3  t o  2 . 5 ‘ by  an i n ­
c r e a s e d  t h r o u g h p u t  i n  t h e  r o t a r y  k i l n  f o r  t h e  same o v e r a l l  f u e l
2-35
(ii) In a p r o t o t y p e  p l a n t ,  the size of the k i l n  can  be d e c r e a s e d  
to g iv e  a s i m i l a r  o u t p u t  to that of a c o n v e n t i o n a l  kiln.
This s m a l l e r  u n i t  r e q u i r e s  a s m a l l e r  c o n s t r u c t i o n  lot 
w it h  an a s s o c i a t e d  r e d u c t i o n  in bo th  c a p i t a l  cost a nd  p o w e r  
d e m a n d  - the l a t t e r  b e i n g  due to the r e p l a c e m e n t  of a r o t a t i n g  
s y s t e m  by a m e c h a n i c a l l y  s i m p l e r  st at i c one. As an e x a m p l e  
of the c a p i t a l  c o s t  sa v i n g s ,  c o m p a r e d  w i t h  a c o n v e n t i o n a l  
s u s p e n s i o n  p r e h e a t e r ,  the h i g h l y  d e v e l o p e d  " f l a s h - c a l c i n e r  
s u s p e n s i o n  s y s t e m "  - d e s c r i b e d  in d eta il in the n ex t s e c t i o n  - 
r e q u i r e s  25% le ss  c o n s t r u c t i o n  cost and space, a l t h o u g h  the 
r o t a r y  k i l n  d i a m e t e r  is s l i g h t l y  inc re as ed .  Th i s  l a t t e r  
fe a t u r e  m a y  be an a d d e d  b e n e f i t ,  for w i t h i n  c e r t a i n  limit s,  
a short, l ar g e  d i a m e t e r  k i l n  e x h i b i t s  m u c h  l o w e r  h eat  l o s s e s  
t h r o u g h  r a d i a t i o n  a n d  c o n v e c t i o n .
F i g u r e  2J3 g i v e s  a c o m p a r i s o n  b e t w e e n  a c o n v e c t i o n  s u s ­
p e n s i o n  p r e h e a t e r  and one w i t h  a f la s h  c a l c i n e r  a d di t i on .
consumption per kg of clinker produced.4*4
Fig.2.13 Degree of calcination in SF process
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2 * 3 .1  C o m m e rc ia l  P r e c a l c i n i n g  K i l n s  and  O p e r a t i o n a l  
R e q u i r e m e n t s
The i n f o r m a t i o n  p r e s e n t e d  i n  t h i s  s e c t i o n  e m p h a s i z e s  t h e  
p r o b l e m  c o n f r o n t e d  by  t h e  a u t h o r  i n  p r e p a r i n g  a b a c k g r o u n d  
f o r  t h i s  r e s e a r c h . . T h e  d e v e l o p m e n t  o f  s u s p e n s i o n  p r e h e a t e r  b a s e d  
p r e - c a l c i n e r  s y s t e m s  h a s  b e e n  e x t r e m e l y  w e l l  d o c u m e n t e d  
r e g a r d i n g  d e s i g n ,  c o m m e r c i a l  o p e r a t i o n  and  p l a n t  p e r f o r m a n c e  
s t a t i s t i c s .  I n  v a s t  c o n t r a s t , h o w e v e r , any  i n f o r m a t i o n  p e r t a i n i n g  
t o  L e p o l  g r a t e  m o d i f i c a t i o n s  t o  a c c e p t  a u x i l i a r y  b u r n e r  s y s ­
tems  h a s  b e e n  l i m i t e d  t o  a  v e r y  few  b r i e f ,  u n p r o f e s s i o n a l  
i n t e r n a l  r e p o r t s ,  w ord  o f  m o u t h ,  p e r s o n a l  o b s e r v a t i o n  and  
even  i n d u s t r i a l  e s p i o n a g e .  Few, i f  a n y ,  o p e r a t o r s  h a v e  
p e r s e v e r e d  i n  t r y i n g  t o  e r a d i c a t e  t h e  p r o b l e m s  i n v o l v e d  
i n  i n t r o d u c i n g  a b u r n e r  s y s t e m  i n t o  t h e  c o n f i n e s  o f  t h e  
c a l c i n e r  s e c t i o n  an d  h a v e  t e n d e d  t o  f o l l o w  a * s u c l c - i t - a n d -  
s e e 1 a p p r o a c h .
On t h e  o t h e r  h a n d ,  m a i n l y  due  t o  a n e e d  t o  a v o i d  t h e  i n -  
f r i ' n g e m e n t - o f  c e r t a i n  p a t e n t  l a w s ,  t h e r e  a r e  a s  many and  
v a r i e d  t y p e s  o f  s u s p e n s i o n  -  m ix  b a s e d  p r e c a l c i n e r  s y s t e m s  
a s  t h e r e  a r e  p l a n t  m a n u f a c t u r e r s ,  r a n g i n g  f r o m  s i m p l e  m o d i ­
f i c a t i o n s  t o  e x i s t i n g  s y s t e m s  up  t o  c o m p l i c a t e d ,  p u r p o s e  
b u i l t ,  p r o t o t y p e  p l a n t .
35I n  t h e  s i m p l e s t  o f  t h e s e  s y s t e m s  - p r o d u c e d  b y  F.-L. S c h m i d t , an  
e x t r a  d e g r e e  o f  c a l c i n a t i o n  i s  a c h i e v e d  t h r o u g h  a m o d i f i ­
c a t i o n  t o  t h e  r o t a r y  k i l n  e n d - s e a l  w h i c h  m a n i f e s t s  a 
' w h i r l i n g *  o f  t h e  r a w  mix  i n  t h e  . h o t  e x - l c i l n  g a s e s  ( s e e  
F i g u r e  2.14).. By i n c r e a s i n g  t h e  e x i t  g a s  t e m p e r a t u r e  s l i g h t l y ,  
t h e  e n h a n c e d  g a s - m a t e r i a l  c o n t a c t  i n  t h e  s h u t e  i n c r e a s e s
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•iff*' a
1. Raw mix  f ro m  s t a g e  IV
2. Raw mix  f r o m  s t a g e  I I I
F i g u r e  2 -14 FLS - I n t e g r a l  k i l n  w i t h  p r e c a l c i n i n g 
a t  i n l e t  5
t h e  c a l c i n a t i o n  r a t e  t o  a p o s s i b l e  50-60%.
A s i m i l a r  u s e  o f  t h e  s h u t e  a s  a h e a t  e x c h a n g e  zone  i s  
u n d e r t a k e n  i n  t h e  P o l y s i u s - R o h r b a c h  p r o c e s s .  A f u e l  c o n d u i t  
i s  p o s i t i o n e d  i n  t h e  r i s e r  d u c t  o f  t h e  l o w e s t  s u s p e n s i o n  
p r e h e a t e r  c y c l o n e  an d  t h r o u g h  i t  i s  f e d  a p r o p o r t i o n  o f  t h e  
t o t a l  f u e l  c o n s u m p t i o n .  Lumps o f  c o a l ,  up t o  50 mm d i a m e t e r ,  
i n j e c t e d  i n t o  t h i s  d u c t  d r o p  a g a i n s t  t h e  e x - k i l n  g a s  f l o w  and s t a r t  
t o  b u r n .  I f . t h e s e  p a r t i c l e s  a r e  t o o  l a r g e  t o  be  c a r r i e d  u p w a rd s  
t h e y  f a l l  i n t o  t h e  k i l n  o n l y  p a r t l y  c o m b u s t e d  and  c o n t i n u e  
t o  b u r n  w h i l s t  m a i n l y  f l o a t i n g  on t h e  m a t e r i a l  b e d .  The 
h e a t  l i b e r a t e d  i n c r e a s e s  t h e  t e m p e r a t u r e  o f  t h e  k i l n  i n l e t  
g a s e s ,  t h e r e b y  i n d i r e c t l y  c o n t r i b u t i n g  t o  t h e  c a l c i n a t i o n .
The c l a i m e d  a d v a n t a g e s  o f  s u c h  a s y s t e m  a r e  s i m p l i c i t y ,  
low i n v e s t m e n t  c o s t  and  c h e a p  a u x i l i a r y  f u e l  p r e p a r a t i o n .
A n o t h e r  i m p o r t a n t  f a c t o r  i s  t h a t  t h e  m o d i f i c a t i o n  i s  com pa­
tible w i t h  a n y  typ e of c l i n k e r  c o ol e r as it r e q u i r e s  no
large e x p a n s e  of air c o n v e y a n c e  d u c t i n g  that is a s s o c i a t e d  w i th
the m o r e  s o p h i s t i c a t e d  s y s t e m s ( s e e  F i g u r e  2.. 15 ) .
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In Ja pa n,  the I s h i k a w a j i m a - H a r i m a  i n d u s t r i a l  c o m p a n y  has 
d e v e l o p e d  a s y s t e m  in w h i c h  the raw m i x  is p r e c a l c i n e d  in a 
'flash c a l c i n e r  c h a m b e r ' ,  i n c o r p o r a t e d  into the s u s p e n s i o n  
p r e h e a t e r  c y c l o n e  tower. A n  e x t r e m e l y  h i g h  p e r c e n t a g e  of 
the t ota l p r o c e s s  h e a t  r e q u i r e m e n t  - 60+% - is s u p p l i e d  
d i r e c t l y  to th i s c h a m b e r ,  a l o n g  w i t h  lo w e r  t e m p e r a t u r e  exit  
gases s e p a r a t e l y  d u c t e d  f r o m  the top of the c l i n k e r  co ol e r .  
C o m p o n e n t s  of t h e s e  l a t t e r  ga se s  c o n d e n s e  on the r a w  m i x  
n o d u l e s  and are r e t u r n e d  w i t h  th e m  to the kiln, thus a v o i d i n g  
a b u i l d  up of c o a t i n g  on the c h a m b e r  and k i l n  s hu t e  s u r f a c e s .  
N i n e t y  p e r c e n t  of  the h e a t  in the 'flash c a l c i n e r '  is 
t r a n s f e r r e d  by  f o r c e d  c o n v e c t i o n ,  w i t h  r a d i a t i o n  the 
r e m a i n i n g  c o m p o n e n t .  Th e coal u s e d  to fire the c h a m b e r  
b u r n e r s  is l i m i t e d  to t h o s e  g r a d e s  w h i c h  h a v e  a s h m e l t i n g  points
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w e l l  a b o v e  1100°C  i n  o r d e r  t o  p r e v e n t  a s l a g  b u i l d - u p  w i t h i n  
t h e  s y s t e m .
An i l l u s t r a t i o n  o f  t h e  c o m p l e t e  p r o c e s s  i s  g i v e n  i n  F i g u r e  
. 2 . 1 6  b e l o w .
Clinker cooler
bos
Row meol SF preheater
Burner 2Gos inlet
Burner3
F lash turnaceBurner 1
Dedusnng chamber
1000JC
1832 F
860 900 C
15GO - 16sT
800'C
1472'F
Rotary kiln
Row meoi mlet
1000 - 
1832 -
350 C 
652 'F
Preheaier fan
Fuel: 40%
310 kcal/kg
F i g u r e  2.16 T he  I s h i k a w a i i m a - H a r  ima SF P r o c e s s  35
An e v e n  more  c o m p l i c a t e d  s y s t e m ,  a g a i n  f r o m  J a p a n ,  
u t i l i z e s  a s p o u t e d  b e d  and  v o r t e x  c h am b er  f u r n a c e  i n  t h e  
l o w e r  s t a g e s  o f  t h e  s u s p e n s i o n  p r e h e a t e r  t o  o b t a i n  i t s  
h i g h  c a l c i n a t i o n  p r o p o r t i o n .  The K aw asak i  i n d u s t r i e s  KSV 
bed c o n s i s t s  o f  an  i n l e t  t h r o a t  and  c y l i n d r i c a l  c h a m b e r ,  
F i g u r e  2. 1 7, i n t o  w h ic h  some o f  t h e  raw mix i s  f e d .
2 - 4 0
The he a t in pu t is s u p p l i e d  by several b u r n e r s  l o c a t e d  ju st  
ab ove  the be d w h e r e  the c o n c e n t r a t i o n  of  the meal, t h r o u g h  
t u r b u l e n c e ,  is h i g h e s t .  T he  v o r t e x  e x t e n s i o n  ab o v e  the 
b u r n e r s  has two o p e n i n g s  - on e for the i n g r e s s  of k i l n  
e x h a u s t  gas, the o t h e r  for r a w  m i x  and o u t l e t  gas l e a d i n g  
of f to the l o w e s t  p r e h e a t e r  s t a g e  (see F i g u r e  2.18).
F i g u r e  2 . 1 8  T h e  K S V  c a l c i n e r  35
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T h e r e  a r e  many o t h e r  v a r i a t i o n s  on t h e  b a s i c  s u s p e n s i o n  
s y s t e m ,  m o s t  b e i n g  d e s i g n e d  an d  b u i l t  a c c o r d i n g  t o  o p e r a t i o n a l  
r e q u i r e m e n t s .  H o w ev e r ,  t h e  u n d e r l y i n g  p r i n c i p l e  o f  a l l  p r e -  
c a l c i n e r  o p e r a t i o n  i s  e n h a n c i n g  t h e  i n t i m a t e  c o n t a c t  o f  t h e  
raw  m e a l  w i t h  h i g h e r  h e a t  c o n t e n t  g a s e s  e i t h e r  t h r o u g h  t h e  
a i d  o f  a f l u i d i z e d  b e d  o r  v o r t e x  c h a m b e r .  C o a l - f i r e d  b u r n e r s  h a v e  
b e e n  u s e d  s u c c e s s f u l l y  i n  s u c h  s y s t e m s  a s  t h e  v o r t e x  and  
c y c l o n e  c h a m b e r s  e x h i b i t . t h e  h i g h  r e s i d e n c e  t i m e s  r e q u i r e d  
f o r  c o m p l e t e  a n d  s t a b l e  c o m b u s t i o n ,  w i t h  no d i s c e r n a b l e  CO 
e v o l u t i o n .
I n  t h e  L e p o l  g r a t e  t h e  h e a t  t r a n s f e r  i s  d e p e n d e n t  upon  
t h e  s u r f a c e  a r e a  o f  m a t e r i a l  e x p o s e d  t o  t h e  h o t  g a s e s ,  t h e  
d i f f e r e n c e  i n  t e m p e r a t u r e  b e t w e e n  e a c h ,  an d  t h e  m a t e r i a l  
r e t e n t i o n  t i m e  w i t h i n  t h e  g a s  s t r e a m .  T h e s e  f a c t o r s  c r e a t e  
an  u p p e r  l i m i t  t o  t h e  h e a t  a b s o r p t i o n  c a p a c i t y  o f  t h e  n o d u l e s  
on t h e  b e d .  T h e r e f o r e ,  b e c a u s e  o f  s u c h  a l i m i t ,  i t  i s  o f i
l i t t l e  b e n e f i t  t o  t h e  o v e r a l l  s y s t e m  e f f i c i e n c y  t o  m a i n t a i n  j
I
more t h a n  20-30% o f  t h e  t o t a l  h e a t  r e q u i r e m e n t  t h r o u g h  !
a u x i l i a r y  b u r n e r s  l o c a t e d  i n  t h e  c a l c i n e r  s e c t i o n ^ 2 * 1
I n  o r d e r  t o  g a i n  t h e  f u l l  b e n e f i t s  o f  t h e  m o d i f i c a t i o n ,  
i t  i s  u s u a l  p r a c t i c e  t o  i n c r e a s e  t h e  t h r o u g h p u t  o f  t h e  
r o t a r y  k i l n .  I f  t h i s  i s  a c h i e v e d  by  i n c r e a s i n g  t h e  f u e l  
f i r i n g  r a t e ,  a t  c o n s t a n t  e x c e s s  a i r ,  a b o v e  c e r t a i n  l i m i t s  
t h e  f l a m e  l e n g t h  w i l l  i n c r e a s e  t o  s u c h  a s t a g e  t h a t  CO 
w i l l  commence t o  b u r n  i n  t h e  b e d  w i t h  i n l e a k e a g e  a i r .  T h i s  
r e a c t i o n  c a u s e s  a b l o c k a g e  e f f e c t  on t h e  g r a t e ,  t h u s
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T h i s  p h en o m en o n  i s  r e f e r r e d  t o  a s  ’ c y c l i n g ' .
I n  o r d e r  t o  a c h i e v e  s t a b l e  r u n n i n g ,  t h e  f l a m e  m u s t  n o t  
r e a c h  t h e  L e p o l  u n t i l  t h e  f i r i n g  r a t e  i s  w e l l  a b o v e  t h a t  
s u i t a b l e  f o r  t h e  k i l n .  Any e x c e s s i v e  u s e  o f  s e c o n d a r y  a i r  
t o  r e d u c e  t h e  f l a m e  l e n g t h  c r e a t e s  s h u t e  b l o c k a g e  an d  o v e r ­
h e a t i n g  p r o b l e m s  t h a t  w e r e  d i s c u s s e d  e a r l i e r  i n  t h i s  c h a p t e r .  
As w i t h  s u s p e n s i o n  p r e h e a t e r  b a s e d  s y s t e m s ,  a L e p o l  p r e c a l -  
c i n e r  g r a t e  w i l l  a l s o  r e q u i r e  a s e p a r a t e  a i r  s u p p l y  f r o m  t h e  
k i l n  c o o l e r .
To d a t e  t h e  a u t h o r  h a s  i n f o r m a t i o n  on o n l y  f o u r  L e p o l  
g r a t e s  t h a t  h a v e  b e e n . m o d i f i e d  -  D u n b a r 45 -in S c o t l a n d ,
S o u t h  F e r r i b y  on  H u m b e r s i d e ,  C o u v r o t  i n  F r a n c e  a n d  N e u b e c k e n  
i n  Germany -  w i t h  o n l y  t h e  l a t t e r  b e i n g  p u b l i c l y  d o c u m e n t e d .
I n  a l l ,  e i t h e r  g a s  o r  l i q u i d  f u e l  b u r n e r s  w e r e  i n s t a l l e d  i n  
t h e  p r e h e a t e r  e n d  w a l l ,  e x c e p t  f o r  F e r r i b y , w h e r e , f o l l o w i n g  
r e c o m m e n d a t i o n s  f r o m  t h i s  w o r k ,  t h e y  w e r e  l o c a t e d  i n  t h e  r o o f .  
I n  t h e  c r u d e s t  s y s t e m ,  t h e s e  b u r n e r s  h a v e  b e e n  i n t r o d u c e d  
t h r o u g h  e x i s t i n g  i n s p e c t i o n  p o r t s ,  w i t h  t h e i r  a i r  r e q u i r e m e n t  
b e i n g  s u p p l i e d  b y  i n c r e a s e d  b a c k - e n d  o x y g e n  o r  e n t - r a i n m e n t  . 
o f  a m b i e n t  i n l e a k a g e  a i r .
h2F i g .  2 . 1 9  i s  t h a t - o f  t h e  N e u b e c k e n  k i l n ,  a n d  i l l u ­
s t r a t e s  t h e  b u r n i n g  c o n d i t i o n s  w i t h  and  w i t h o u t  t h e  a u x i l i a r y  
s y s t e m ;  .
The o n l y  p e r f o r m a n c e  d a t a  t o  h a n d  s u g g e s t s  t h a t  i n  an 
o i l  f i r e d  a u x i l i a r y  s y s t e m ,  24% o f  f u e l  on t h e  g r a t e  p r o d u c e d
r e d u c i n g  t h e  g a s  t h r o u g h p u t  a n d  w i t h  i t  t h e  f i r i n g  r a t e .
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W i t h o u t  p r e c a l c i n a t i o n  W ith  p r e c a l c i n a t i o n  (24%)
Mean Gas T e m p e r a t u r e s  
a b o v e  c a l c i n e r1250°C
200°C
310°C
105°C
2 7 .5
630
960
b e l o w  c a l c i n e r  
a b o v e  d r i e r  
b e l o w  d r i e r
Bed h e i g h t  fern)
O u t p u t  ( t / d a y  c l i n k e r )  
H e a t  c o n s u m p t i o n  ( k c a l / k g )
13 20°C
250°C
350°C
105°C
3 7 .  5
700
960
Figure 2.19 Lepol grate system with auxiliary firing.
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a 1 0 % i n c r e a s e  i n  p r o d u c t i o n  f o r  a p r a c t i c a l l y  u n c h a n g e d  
h e a t  c o n s u m p t i o n  p e r  kg  o f  c l i n k e r ,  a l o n g  w i t h  an  u n a s c e r t -  
a i n a b l e  i n c r e a s e  i n  CO145 • A l t h o u g h  s u c h  r e s u l t s  a p p e a r  t o  be  
s a t i s f a c t o r y ,  t h e  m a r g i n a l  i n c r e a s e  i n  k i l n  p e r f o r m a n c e  was 
o u t w e i g h e d  by  i n c r e a s e d  f u e l  c o s t s  when b u r n i n g  g a s  o r  o i l .
The c o n c l u s i o n s  o f  t h e  D u n b a r  r e p o r t 45 a r e  s i g n i f i c a n t  
i n  t h e  l i g h t  o f  s u c h  f u e l  c o s t s ,  i n  t h a t  t h e  a u t h o r s  recommend 
t h a t  a m a n u f a c t u r e r  o f  c o m b u s t i o n  e q u i p m e n t  be  a p p r o a c h e d  t o  
d e v e l o p  a c o a l - f i r e d  b u r n e r  w i t h  r e q u i r e m e n t s  c o m p a t i b l e  t o  
t h e  c a l c i n e r  s e c t i o n  o f  t h e  g r a t e .
S uch  a r e l i a n c e  on t h e s e  r e l a t i v e l y  e x p e n s i v e  f u e l s  
h a s  b r o u g h t  a b o u t  t h e  s h e l v i n g  o f  m o s t  i n s t a l l a t i o n s ,  a l t h o u g h  
F e r r i b y  i s  d e s i g n e d  t o  h a n d l e  w a s t e  s o l v e n t s .
W i th  s u c h  p r i z e s  i n  e n e r g y  c o n s e r v a t i o n  t o  be  c l a i m e d ,  
i t  was i m p e r a t i v e  t h a t  a c o a l  f i r i n g  s y s t e m  c o m p a t i b l e  w i t h  
t h e  g r a t e  c o u l d  b e  d e v e l o p e d .
2 . 3 . 2  P r e c a l c i n e r  O p e r a t i o n
I n  t h e  s u s p e n s i o n  p r e h e a t e r ,  t h e  o v e r a l l  r e a c t i o n  t i m e  
i s  g o v e r n e d ,  n o t  b y  t h e  t r a n s f e r  o f  h e a t ,  b u t  by  t h e  s p e e d  
o f  c h e m i c a l  r e a c t i o n .  B e c a u s e  t h e  c a l c i n a t i o n  r e a c t i o n  i s  
r e v e r s i b l e ,  i t  i s  e s s e n t i a l  t h a t  a l l  e v o l v e d  C02 i s . e l i m i ­
n a t e d  q u i c k l y  i f  f a v o u r a b l e  e q u i l i b r i u m  c o n d i t i o n s  a r e  t o  
be  a c h i e v e d .
One f u r t h e r  o p e r a t i o n a l  p r o b l e m ,  o f  i m p o r t a n c e  when 
d e v e l o p i n g  a s u s p e n s i o n  p r e c a l c i n e r ,  i s  l i m i t i n g  t h e  h e a t
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so  a s  n o t  t o  c a r r y  t h e  c a l c i n a t i o n  p r o p r t i o n  t o o  f a r .  I n  
ev en  t h e  m o s t  ’ p o t e n t ’ s y s t e m s ,  t h i s  r e a c t i o n  i s  l e f t  u n ­
c o m p l e t e d ,  w i t h  an u p p e r  maximum o f  95% b e i n g  m a i n t a i n e d .
I f  t h i s  p r o p o r t i o n  i s  e x c e e d e d ,  c l i n k e r i n g  a c t u a l l y  commences 
i n  t h e  p r e c a l c i n e r .  I n  s u c h  a p h a s e  t h e  p h y s i c a l  p r o p e r t i e s  
o f  t h e  m a t e r i a l  c h a n g e  c o m p l e t e l y ,  b e c o m i n g  v i s c o u s ,  w i t h  
t h e  r i s k  o f  s i g n i f i c a n t  s t i c k i n g  t o  t h e  w a l l s  and  s h u t e  o f  
p r e h e a t e r  an d  k i l n .  I n  f a c t ,  t h e  l o w e s t  h e a t  c o n s u m p t i o n  
o f  a c y c l o n e  p r e c a l c i n e r  h a s  b e e n  a c h i e v e d  b e t w e e n  65-80% 
c a l c i n a t i o n 35 , w h i c h  i s  w e l l  b e l o w  t h e  c r i t i c a l  l i m i t s .
I n  s u c h  a s y s t e m ,  t h e  f i n e r  g r a i n e d  p a r t i c l e s  a r e  o n l y  j u s t  
c a l c i n e d  i n  t h e  p r e h e a t e r ,  w h i l s t  t h e  c o a r s e r  g r a i n s  a r e  
fo u n d  t o  be  more e c o n o m i c a l l y " c a l c i n e d  i n  t h e  r o t a r y  k i l n .
The c o m b u s t i o n  o f  an y  t y p e  o f  f u e l  w i t h i n  c o n f i n e d  
v o lu m e s  c r e a t e s  i t s  own p a r t i c u l a r  p r o b l e m s .  I n  s u c h  a 
s i t u a t i o n  i t  m u s t  be  c o m p l e t e l y  b u r n t  t o  a v o i d  e x c e s s i v e  
CO r e l e a s e ,  w h i l e ,  t o  a v o i d  an  u n d u l y  h i g h  t e m p e r a t u r e  r i s e  
w i t h i n  t h e  z o n e ,  t h e  h e a t  r e l e a s e  o f  c o m b u s t i o n  m u s t  be  
a b s o r b e d  a s  r a p i d l y  a s  p o s s i b l e ,  b y  t h e  e n d o t h e r m i c  c a l c i n a ­
t i o n  r e a c t i o n .  The v o r t e x  b u r n e r  c h a m b e r  a s s o c i a t e d  w i t h  
v a r i o u s  p r e c a l c i n a t i o n  s y s t e m s  p r o v i d e s  a s o l u t i o n  f o r  s u c h  
a p r o b l e m  by  i n c r e a s i n g . t h e  g a s / m a t e r i a l  c o n t a c t  an d  r e s i d e n c e  
t i m e  c o n s i d e r a b l y .  Any e x c e s s  a i r " i n s i d e  t h e  s y s t e m  i s  
m a i n t a i n e d  w i t h i n  t h e  l i m i t s  o f  CO e l i m i n a t i o n  and  f u e l  
econom y,  w h i l e  a n y ' e x c e s s i v e  h e a t  i s  d i l u t e d  b y  r e l a t i v e l y  
low t e m p e r a t u r e  g a s e s  d u c t e d ,  f r o m  t h e  c o o l e r  t o  m a i n t a i n  
a c o n s i s t e n t  t e m p e r a t u r e  o f  a b o u t  1 2 0 0 °C .
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One b e n e f i c i a l  t h r o u g h p u t  phenom enon  t h a t  h a s  b een  
o b s e r v e d  i n  m o d i f i e d  p r e h e a t e r  u n i t s  i s  t h e  m a i n t a i n i n g  o f  
a c o n s t a n t  b e d  r e s t r i c t i o n  w i t h  t h e  i n t r o d u c t i o n  o f  a u x i l i a r y  
f i r i n g .  Any i n c r e a s e  i n  t h e  p r o p o r t i o n  o f  c a r b o n a t i o n  on 
t h e  b e d ,  w h i c h  h a s  t h e  e f f e c t  o f  r e d u c i n g  t h e  p r e s s u r e  d r o p ,  
was c o u n t e r b a l a n c e d  by  t h e  r e d u c e d  e x - k i l n  v o lu m e  o f  g a s -  
due t o  t h e  r e d u c e d  CO2 e v o l u t i o n  -  w h i c h  i n c r e a s e d  t h e  b e d  
r e s t r i c t i o n  b a c k  t o  i t s  o r i g i n a l  v a l u e .
The f i n a l  o p e r a t i o n a l  c o n s i d e r a t i o n  i n v o l v e s  f i r i n g  
s y s t e m s .  I t  h a s  b e e n  f o u n d  t h a t  f o r  p r e c a l c i n i n g  s y s t e m s  
b u r n i n g  c o a l ,  two m i l l s  -  one  f o r  t h e  k i l n  an d  one  f o r  t h e  
p r e h e a t e r  -  a r e  n e c e s s a r y  t o  m a i n t a i n  f u l l  i n d e p e n d e n t  
c o n t r o l 35- I n  o r d e r  t o  r e d u c e  t h e  amount  o f  g a s  e n t e r i n g  t h e  
p r e h e a t e r ,  t h e  c a l c i n e r  i s  u s u a l l y  i n s t a l l e d  w i t h  an i n ­
d i r e c t l y  f i r e d  low  p r i m a r y  a i r  b u r n e r .
H o w e v e r ,  f u e l  and  p r o d u c t i o n  e f f i c i e n c y  a r e  n o t  t h e  o n l y  
c r i t e r i a  i n v o l v e d  i n  a u x i l i a r y  f i r i n g .  C o n s i d e r a t i o n  i s  
a l s o  g i v e n  t o  t h e  c h a n g e  i n  a e r o d y n a m i c s  i n  t h e  c h a m b e r ,  t h e  
e x h a u s t  g a s  t e m p e r a t u r e s ,  t h e  NO l e v e l s  an d  a r e d u c t i o n  i n4 A
t h e  e f f e c t  o f  t h e  a l k a l i  c y c l e .  By m a i n t a i n i n g  a s u f f i c i e n t ­
l y  h i g h  t e m p e r a t u r e  i n  t h e  c & l c i n i n g  zone  a n y  i n t e r n a l  c y c l e  
a l k a l i s  c o n d e n s e  w e l l  o u t s i d e  t h e  g r a t e  , a l t h o u g h  s u c h  a 
t e m p e r a t u r e  w o u l d  h a v e  t o  b e  l i m i t e d  by  t h e  p r o p o r t i o n  o f  
t h e  s m a l l e s t  p a r t i c l e s  t h a t  a r e  l i a b l e  t o  becom e  s i n t e r e d  
b e f o r e  e n t e r i n g  t h e  k i l n .  S u c h  was t h e  c a s e  i n  t h e  Neubeckum 
k i l n ,  w h e r e  w i t h  1 0 % o f  f u e l  s u p p l i e d  t o  t h e  g r a t e ,  t h e r e  
was f o u n d  t o  b e  l e s s  c o a t i n g  f o r m a t i o n  o r  a  r e d u c t i o n  i n
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h a r d n e s s  o f  c o a t i n g  i n  t h e  k i l n / g r a t e  i n t e r f a c e .
W i th  more  C02 b e i n g  e v o l v e d  i n  t h e  p r e h e a t e r ,  t h e  p r o ­
p o r t i o n  i n  t h e  k i l n  i s  r e d u c e d ,  t h e r e b y  l o w e r i n g  t h e  p r o b l e m  
o f  d u s t  p i c k - u p .  T h u s ,  t h e  e f f e c t  o f  t h e  d u s t  c y c l e  i s  
l e s s e n e d ,  p r e v e n t i n g  a b l i n d i n g  o f  t h e  b e d ,  a n d  i n  t u r n  a 
r e d u c t i o n  i n  t h e  g a s  c l e a n i n g  e q u i p m e n t  l o a d .  An e x p e c t e d  
g a s  vo lu m e  r e d u c t i o n  c a l c u l a t i o n  i s  g i v e n  i n  A p p e n d i x  I I .
N e e d l e s s  t o  s a y  t h a t ,  a t  t h e  t i m e  o f  w r i t i n g ,  a l t h o u g h  
g a s  and  o i l  b u r n e r s  h a v e  b e e n  u s e d  w i t h  l i m i t e d  s u c c e s s ,  no  
L e p o l  g r a t e  p r e h e a t e r  h a s  b e e n  i n s t a l l e d  w i t h  a c o a l  f i r i n g  
a u x i l i a r y  b u r n e r .
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2.B  THE PROBLEMS INVOLVED IN MODELLING TURBULENT COMBUSTING
JETS
2 . 4  The T u r b u l e n t  J e t
The m o d i f i c a t i o n  o f  a L e p o l  g r a t e  t o  a c c e p t  a p r e c a l c i ­
n a t i o n  f l a m e  i n t r o d u c e s  a e r o d y n a m i c  p r o b l e m s  o f  i m p o s i n g  t h e  
c h a r a c t e r i s t i c s  of. a t u r b u l e n t  d i f f u s i o n  j e t  p r o f i l e  on t o  t h e ,  
a s s u m e d ,  e x i s t i n g  p l u g - f l o w  s c h e m e .  An u n d e r s t a n d i n g  o f  t h e  
i n f l u e n c e  o f  s u c h  a j e t  i s  n e c e s s a r y ,  e s p e c i a l l y  when i n ­
s t a l l e d  i n  s u c h  a c o n f i n e d  a r e a .
Such  an u n d e r s t a n d i n g  s t a r t s  w i t h  t h e  s i m p l e s t  f o r m ,  
t h a t  o f  t h e  f r e e  j e t .
2 . 4 . 1  F r e e  J e t  T h e o r y
A t u r b u l e n t  f r e e  j e t  i s  f o r m e d  when a h i g h  v e l o c i t y  f l u i d  
s t r e a m  p a s s e s  f r o m  a s m a l l  o r i f i c e  i n t o  a l a r g e  u n c o n f i n e d  
s p a c e  i n  w h i c h  t h e  s u r r o u n d i n g  f l u i d  i s  e i t h e r  a t  r e s t ,  
q u i e s c e n t ,  o r  m o v in g  r e l a t i v e l y  s l o w l y .  Such  a s t r e a m  h a s  
s u f f i c i e n t  momentum t o  p r e s e r v e  i t s  f l o w  d i r e c t i o n  f o r  some 
d i s t a n c e  f r o m  t h e  o r i f i c e ,  u n t i l  a l l  t h e  k i n e t i c  e n e r g y  due  
t o  i t s  i n i t i a l  v e l o c i t y  i s  d i s p e r s e d  i n t o  t u r b u l e n t  m i x i n g  
r e g i o n s  o f  t h e  j e t  b y  t h e  f l u i d  e n t r a i n m e n t .
. The p r e s s u r e  o f  t h e  j e t  s t r e a m  i s  a l m o s t  t h e  same a s  t h a t  
o f  t h e  s u r r o u n d i n g  f l u i d  b u t  i s  s e p a r a t e d  f r o m  i t  by  a 
s u r f a c e  o f  d i s c o n t i n u i t y 4 6 . A p a r t  f r o m  l o c a l  i n s t a b i l i t i e s
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t h i s  b o u n d a r y  i s  w e l l  d e f i n e d  a n d  i n  e n t r a i n i n g  t h e  s u r r o u n d ­
i n g  f l u i d  d i s s i p i t a t e s  t h e  j e t  s t r e a m  v e l o c i t y .  B e c a u s e  t h e  
p r e s s u r e  an d  momentum r e m a i n  c o n s t a n t  a l o n g  t h e  s t r e a m ,  t h e  
o n l y  v a r i a b l e  i s  t h a t  o f  f l u i d  m a s s ,  w h i c h  i n c r e a s e s  w i t h  
d i s t a n c e  f r o m  t h e  s o u r c e .  T h i s  a c t i o n  i s  m a n i f e s t e d  by t h e  
s p r e a d i n g  o f  t h e  j e t  i n  t h e  s h a p e  o f  a s o l i d  s e m i - c o n e  o f  
d e f i n e d  a n g l e .
The i n t e r a c t i o n  o f  a j e t  w i t h  i t s  s u r r o u n d i n g s  c a n  be  
d i v i d e d  i n t o  t h r e e  m a in  r e g i o n s  47 :
I The p o t e n t i a l  c o n e ;
I I  The m i x i n g  R e g i o n ;
i
I I I  The t r a n s i t i o n  R e g i o n ;
f o l l o w i n g  w h i c h  t h e  j e t  i s  d e s c r i b e d  a s  f u l l y  d e v e l o p e d .
Figure 2.20 The free iet*7.
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The p o t e n t i a l  c o r e  r e g i o n  e x t e n d s  t o  a d i s t a n c e  o f  a b o u t  
4 - 5  n o z z l e  d i a m e t e r s  d o w n s t r e a m  o f  t h e  o r i f i c e .  I n  a f u l l y  
d e v e l o p e d  f r e e  j e t  w i t h  a x i a l  s y m m e t r y ,  C o r s m  f o u n d  t h a t  
t h e  t u r b u l e n c e  o n l y  e x i s t s  i n  t h i s  r e g i o n ,  an d  o u t  t o  a 
r a d i u s  a t  w h i c h  t h e  v e l o c i t y  i s  h a l f  t h a t  on  t h e  j e t  a x i s .
The u n i f o r m  v e l o c i t y  p r o f i l e s  i n  t h e  ccr.e  s t a r t  a s  a " t o p  
h a t "  d i s t r i b u t i o n  an d  e v e n t u a l l y  t r a n s f o r m  t o  a G a u s s i a n  fo rm  
by  t h e  en d  o f  t h e  z o n e .
The m i x i n g  zo n e  e n c l o s e s  t h e  p o t e n t i a l  c o r e  a n d  g r a d u a l l y  
a b s o r b s  i t .  E n t r a i n m e n t  o f  t h e  s u r r o u n d i n g  f l u i d  by  t h e  
j e t  b e g i n s  i n  t h i s  zone  a n d  i n c r e a s e s  p r o p o r t i o n a l l y  w i t h  
d i s t a n c e  f r o m  t h e  n o z z l e .  T h u s ,  u n l i k e  t h e  c o r e ,  t h e  j e t  
i n  t h i s  zo n e  c o n t a i n s  b o t h  p r i m a r y  and  s e c o n d a r y  f l u i d .
The t r a n s i t i o n  zone  e x t e n d s  t o  a b o u t  8 n o z z l e  d i a m e t e r s  
d o w n s t r e a m  o f  t h e  i n j e c t i o n  s o u r c e ,  by  w h i c h  t i m e  t h e  v e l o c i t y  
an d  c o n c e n t r a t i o n  p r o f i l e s  w i l l  h a v e  a t t a i n e d  a s h a p e  w h i c h  
w i l l  b e  s u s t a i n e d  t h r o u g h o u t  s u b s e q u e n t  z o n e s .  I t  i s  i n  
t h i s  z o n e  t h a t  t h e  j e t  i s  d e s c r i b e d  a s  a f u l l y  d e v e l o p e d
s e l f - p r e s e r v i n g  s y s t e m  a n d  i n  w h i c h  t h e  j e t  l a w s  a p p l y .
P r o v i d e d  t h a t  t h e  R e y n o l d s  n u m b e r s  a r e  h i g h  e n o u g h  t o  
e n s u r e  a t u r b u l e n t  s t r e a m  i n  t h i s  z o n e ,  a l l  f r e e  j e t s  w i t h  
t h e  same c r o s s  s e c t i o n  a r e  r e g a r d e d  a s  s i m i l a r  f ro m  b o t h  a 
d y n a m ic  a n d  f l u i d  c o n s e r v a t i o n  p o i n t  o f  v i e w .
2 . 4 . 2  ' The S i m i l a r i t y  o f  F r e e  J e t s
The d e c a y  o f  f l u i d  v e l o c i t y  a l o n g  t h e  f r e e  j e t  a x e s  c a n  
be  d e r i v e d  f r o m  t h e  c o n s e r v a t i o n  o f  momentum e q u a t i o n :
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2 TT p
w
f u 2y dy (2.H)
o
w h e re  y i s  t h e  r a d i a l  d i s t a n c e  f ro m  t h e  a x i s ;  p i s  t h e  f l u i d  
d e n s i t y  a n d  u  t h e  mean f l u i d  v e l o c i t y .
I f  we s t a r t  w i t h  a f u l l y  d e v e l o p e d  f r e e  j e t ,  t h e n  t h e  f l o w  
p r o f i l e s  o f  a l l  j e t s  a r e  s i m i l a r  and  c a n  be  e x p r e s s e d  a s
TT5 = £ (y/x) : (2 .1 2 )
a O
At s u f f i c i e n t l y  l a r g e  d i s t a n c e s ,  x ,  f r o m  t h e  n o z z l e ,  t h i s  
r e l a t i o n  may be  s i m p l i f i e d  t o
um = c o n s t a n t . / x  ( 2 !  3)
From t h e  c o n s e r v a t i o n  e q u a t i o n  ( 2 .1 ] ) ,  t h e  i n i t i a l  momentum
i s
I = v  Po u 02 r 02 ( 2 ! 4 )
and  a t  a d i s t a n c e  f a r  e n o u g h  f r o m  t h e  n o z z l e ,  w h e r e  p = pa 
o f  t h e  s u r r o u n d i n g s .
I  « 2tt pa  u 2m x 2 - ( 2 !  5)
As momentum i n  t h e  f r e e  j e t  i s  c o n s e r v e d ,  we c a n  e q u a t e  ( 2 . 1 4 )  
and  ( 2 ! 5 )  s u c h  t h a t
-%i
—  = k n 
u o u
Po I *+92 r JD
I Pa J X
The same r e a s o n i n g  c a n  be  u s e d  t o  d e v e l o p  a r e l a t i o n  
f o r  t h e  c o n c e n t r a t i o n  p r o f i l e  i n  t h e  fo r m
(2 !  6)
—  = k
C0 c
f  P o  
I Pa
2 • r 0 U9—  (2.17)x
2 - 5 2
T h e r e b y ,  a t  e a c h  p o i n t  a l o n g  t h e  f u l l y  d e v e l o p e d  f r e e  
j e t  a x i s ,  t h e  a x i a l  v e l o c i t y  a n d  c o n c e n t r a t i o n  o f  t h e  i n ­
j e c t e d  s t r e a m  d e p e n d s  u p o n  t h e  d i s t a n c e  t o  t h e  n o z z l e .
For  an  a x i a l l y - s y m m e t r i c  j e t ,  H i n z e  and  Van d e r  H eg g e-
'50Z i j n e n  d e v e l o p e d  an  e q u a t i o n  f o r  e n t r a i n e d  m ass  f l o w  i n  
t h e  fo rm
m
x  = k.
*0  1 2 r (
Po ( 2 . 1 8 )
w here  m r e f e r s  t o  t h e  mass  f l o w  r a t e  i n  e a c h  c r o s s  s e c t i o nA
o f  t h e  j e t  a n d  m t h e  m ass  f l o w  r a t e  a t  t h e  n o z z l e .  I n  
J  o
t h e i r  a n a l y s i s  t h e  c o n s t a n t  k^ was g i v e n  t h e  v a l u e  0 . 4 0  
s u c h  t h a t
mx ,
—  = 0 . 4 0  (2.19 )
mQ 2 r o
R ic o u  a n d  S p a l d i n g .^ 1 made d i r e c t  d e t e r m i n a t i o n s  o f  t h e  
mass  f l o w  d ra w n  by  t h e  j e t s  f r o m  t h e i r  s u r r o u n d i n g s  and  
s u g g e s t  a more  a p p r o p r i a t e  c o n s t a n t  Kj v a l u e  o f  0 . 3 2 ,  w i t h  
t h e  p r o v i s o  t h a t  s u c h  a phenom enon  i s  t u r b u l e n t  (Re > 2 . 5  x l O 1*)
and  o c c u r s  m ore  t h a n  s i x  n o z z l e  d i a m e t e r s  away f r o m  t h e
i n j e c t i o n  p o i n t .
\  x
~  = 0 . 3 2  —  ( 2 . 2 0 )
™o 2 r 0
From t h i s  e q u a t i o n ,  t h e  m ass  f l o w  o f  f l u i d  d r a w n  f r o m  i t s
s u r r o u n d i n g  e n v i r o n m e n t  m i s  g i v e n  bya
A a  =  m x  -  ® o  =  %  I 0 ’ 3 2  £  1
I
r * ( 2 . 2 1 )
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I f  t h e  t e m p e r a t u r e  o f  t h e  j e t  i s  h i g h e r  t h a n  t h a t  o f  i t s  
s u r r o u n d i n g s ,  e q u a t i o n  2 .1 8  i s  m o d i f i e d :
mx = k.
* 0  1 2 r 0 .Pa  -
2 F -  J ( 2 2 2  )
w h ere  Fr  i s  t h e  F r o u d e  n u m b e r ,  w h ic h  i s  a m e a s u r e  o f  t h e  
i n e r t i a l  f o r c e  c o m p a r e d  t o  t h e  f o r c e s  o f  b u o y a n c y  o r  g r a v i ­
t a t i o n  an d  i s  g i v e n  by
F„ = G7r . o  /* m rr, • Bo+ c o (Tx -  T0 )
po
I p.
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(2 .23 )
*52I n  t h e  c a s e  o f  s u c h  a n o n - i s o t h e r m a l  j e t ,  T h r i n g  s u g g e s t s  
t h e  i n t r o d u c t i o n  o f  an  ’ e q u i v a l e n t  n o z z l e  r a d i u s *  f o r  t h e  i n ­
j e c t o r ,  i n  o r d e r  t o  c a l c u l a t e  an d  e s t a b l i s h  v e l o c i t y  and  
c o n c e n t r a t i o n  p r o f i l e s .  T h i s  new t e r m  i s  d e f i n e d  a s  t h e  
d i m e n s i o n  t h r o u g h  w h i c h  t h e  f l u i d  mass  r a t e  and  momentum 
v a l u e s  a r e  t h o s e  o f  t h e  o r i g i n a l  j e t ,  w h i l e  t h e  d e n s i t y  o f  
t h e  f l u i d  i s  e q u a l  t o  t h a t  o f  t h e  new t e m p e r a t u r e .  Thus  t h e  
e q u i v a l e n t  n o z z l e  r a d i u s  r  1 i s  d e f i n e d :
m
r  ' = ----------5------ r  ( 2 . 2 4 )
O  P f  i 0 ) 2
o r  i n  t h e  c a s e  o f  m a t h e m a t i c a l  s c a l e  m ode l  o b s e r v a t i o n s
S mn
r — = ----------2------ r  C2- 25 )m ode l  r  t  2
(IT P f . I 0 ) 2
w h e re  S i s  t h e  s c a l e  f a c t o r ,  p£ t h e  f l a m e  o r  h o t  j e t  
d e n s i t y  a n d  I Q, mQ t h e  o r i g i n a l  momentum an d  m ass  f l o w  r a t e .  
The n o n - i s o t h e r m a l  v e l o c i t y  an d  c o n c e n t r a t i o n  e q u a t i o n s  now 
becom e:
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lo 
and
%  ^ f Pf  ) 2  r 0 '
u (
r f
 ^ p o
c - - - 1
CT
'  1 
I po
2
( 2 . 2  6)
( 2 . 2  7)
o
r e s p e c t i v e l y .
I f  t h e  f r e e  j e t  no  l o n g e r  i s s u e s  i n t o  a q u i e s c e n t  s u r r o u n d ­
i n g ,  b u t  i n t o  a c o - f l o w i n g  f l u i d  s t r e a m ,  i t s  w i d t h ,  r a t h e r
y
t h a n  i n c r e a s e  p r o p o r t i o n a l l y  t o  , w i l l  i n c r e a s e  a s y m p t o -
z r 0
p i c a l l y  t o  a  s m a l l e r  l i m i t  t h a n  t h a t  o f  t h e  s u b m e r g e d  j e t .
More i m p o r t a n t l y ,  a l t h o u g h  o f  s i m i l a r  s h a p e  t o  i t s  c o u n t e r ­
p a r t ,  t h e  v e l o c i t y  v a l u e s  i n  t h e  f l o w i n g  s t r e a m  w i l l  b e  h i g h e r ,  
s u c h  t h a t  e q u a t i o n  2 ! 6  t h e n  b e c o m e s :
U_ r p !  -r* 53
V  = k n  r  +  ’ kn  = 1 2 - 6 <2 - 2 8 )o k *a J
2 . 4 . 3  The E n c l o s e d  J e t
A f r e e  j e t ,  t o  w h i c h  s o l i d  b o u n d a r i e s  a r e  i n t r o d u c e d  a t  
a f i n i t e  d i s t a n c e ,  u n d e r g o e s  c e r t a i n  b a s i c  c h a n g e s .  Such  a 
j e t  may become ’ c o n f i n e d ’ , w h e r e  t h e  d e f i n i t i o n  i s  g i v e n  i n  
t e r m s  o f  t h e  r a t i o  o f  two a s s o c i a t e d  d i m e n s i o n s  -  t h e  l e n g t h  
s c a l e  p a r a m e t e r  L a n d  t h e  n o z z l e  d i a m e t e r  d .  An e n c l o s e d  o r  
c o n f i n e d  j e t  i s  r e c o r d e d  a s  o n e  i n  w h i c h  -ip i s  l e s s  t h a n  20 , 
w h i l e  f r e e  j e t s  o c c u p y '  . t h e  . r a n g e .  o f  -jj- g r e a t e r  t h a n  20 ,
As w i t h  t h e  s u b m e r g e d  f r e e  j e t ,  t h e  e n c l o s e d  j e t  c a n  be  
d i v i d e d  i n t o  t h r e e  r e g i o n s .  I n  s i m i l a r  f a s h i o n  t o  i t s  
c o u n t e r p a r t ,  t h e  p r i m a r y  p o t e n t i a l  c o r e  an d  d i s c o n t i n u i t y
2 - 5 5
l a y e r  make up  t h e  f i r s t  zo n e  o f  t h e  j e t .  H o w ev e r ,  t h e  c o n ­
f i n e m e n t  i n i t i a t e s  an  a d d i t i o n a l  h i g h  s h e a r  zo n e  n e a r  t h e  j e t  
b o u n d a r i e s  w h i c h  i n c r e a s e s  a s  t h e  f l o w  d e v e l o p s .
By t h e  s t a r t  o f  t h e  m i x i n g  zone  t h i s  e n l a r g e d  s h e a r  l a y e r  h a s  
consum ed t h e  p o t e n t i a l  c o r e ,  and  b o t h  i t  an d  t h e  w a l l  
b o u n d a r y  l a y e r  c o n t i n u e  t o  g row u n t i l  e i t h e r  m e r g e s  o r  a l l  
t h e  s u r r o u n d i n g  f l u i d  i s  c o n su m e d .  I n  o r d e r  t o  s a t i s f y  t h e  
i n c r e a s e  e n t r a i n m e n t  n e e d s  o f  t h e  j e t ,  f l u i d  f r o m  d o w n s t r e a m  
i s  r e t u r n e d  t o  t h e  s o u r c e .  This p henom enon  i s  t e r m e d  r e c i r ­
c u l a t i o n .
I t  i s  t h e  i n t e r a c t i o n s  t h a t  o c c u r  i n  t h e  m i x i n g  zone  t h a t  
g i v e  r i s e  t o  t h e  d i f f e r e n c e s  b e t w e e n  f r e e  an d  e n c l o s e d  j e t s .  
B e c a u s e  t h e  am o u n t  o f  f l u i d  h a s  become f i n i t e ,  t h e  r a t e  o f  
e n t r a i n m e n t  c h a n g e s .  R e c i r c u l a t i o n  w i l l  o c c u r  when t h a t  r a t e  
e x c e e d s  t h e  r e c o v e r e d  c a p a c i t y  o f  t h e  s u r r o u n d i n g  f l u i d .  T h i s  
r e v e r s e  f l o w  o f . f l u i d  b a c k  t o  t h e  j e t  s o u r c e  c a n  a f f e c t  t h e .  
p r e d i c t i o n  o f  j e t  p e r f o r m a n c e  a s  n o r m a l  f r e e  j e t  e x p a n s i o n  
h a s  b e e n  i n t e r f e r e d  w i t h ,  i m p i n g i n g  a t  some p o i n t  w i t h  t h e  
s u r r o u n d i n g  w a l l s  and  c h a n g i n g  i t s  c h a r a c t e r i s t i c s  c o m p l e t e l y .
I n  t h e  f i n a l  r e g i o n ,  t h e  j e t  i s  d e s c r i b e d  a s  f u l l y  
d e v e lo p e d . .  A l t h o u g h  i t s  o r i g i n a l  momentum i s  e v e n t u a l l y  
c o n v e r t e d  i n t o  s t a t i c  p r e s s u r e  and  u n i f o r m  m ix e d  v e l o c i t y ,  
t h e  p r e s s u r e  w i t h i n  t n e  j  et.  - i n c r e a s e s  w i t h  d i s t a n c e '  f r o m  t h e
* 54 --
n o z z l e  . . ,.
The v a r i o u s  r e g i o n s  d e s c r i b e d  a b o v e  a r e  i l l u s t r a t e d
55
i n  F i g u r e  2 . 2 1  f o r  a  b o i l e r  a n d  c e m e n t  k i l n  b u r n e r  j e t .
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55Figure 2.21 Flow pattern of confined jets
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Fully turbulent constant density jets in infinite quiescent 
surroundings are all aerodynamically similar, except in the 
potential core region that extends up to five nozzle diameters 
from the injection point. Unfortunately, the ‘same cannot 
be said of confined jets due to the introduction of 
additional parameters that affect the stream’s characteristics. 
However, although they may not be similar between themselves, 
the reproduction of hot furnace flames as jets in isothermal 
scale models can be achieved through a comparison of their 
unique concentration and velocity distributions and the 
related parameters connecting them.
As with free jets, several theoretical relationships have 
been evolved to enable the prediction of enclosed jet per­
formance and recirculation for a universal set of systems.
The first of these to be widely used in the study of com-
• 2 7bustion was that of Thring and Newby
2.5 . 1  The Thring-Newby Criteria
As the entrainment of a confined jet proceeds, its 
nozzle concentration can be given by the relationship:
C »  = -----V -  “ ( 2 . 2 9 )
mo + ma
where ma is the mass flow rate of surrounding fluid.
If similarity is to be maintained between all confined jet
. systems, then this mass concentration C f A  1 must be
r o ) .
equal in all-, thereby ensuring that when the entrained fluid
2 . 5  S i m i l a r i t y  o f  C o n f i n e d  J e t s
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i s  t o o  l i m i t e d ,  t h e  r e s u l t i n g  r e c i r c u l a t i o n  i s  i n  t h e  same 
p r o p o r t i o n .
50
T a k i n g  H i n z e  a n d  Van d e r  H e g g e - Z i j n e n * s  e q u a t i o n  
mx
—  = K, —  ( 2 . 1 8 )m 1  y r  K Jo o
w i t h  t h e  m ass  f l o w  r a t e  o f  t h e  e n t r a i n e d  a i r  g i v e n  a s
nr  = ma + m0 ( 2 . 2 1 )
l e a d s  t o  an  e q u a t i o n  o f  t h e  fo rm
nu = nr a o
0. 20 x
- i l
r o  j
w h ic h  when a r r a n g e d  i n  t e r m s  o f  x Q, g i v e s
f m0 + max0 = 5 . 0
mo
J rD (2.30)
S u b s t i t u t i n g  t h i s  i n t o  ( 2 . 2 9 )  g i v e s
x = 5 ' °  r °  ( 2 3 1  )
At t h i s  s t a g e ,  T h r i n g  and  Newby d e f i n e  a p a r a m e t e r ,  o f  
s i m i l a r i t y ,  0 , i n  t e r m s  o f  t h e  mass  c o n c e n t r a t i o n s  a s
0 = —  —  (2 .3 2  )
O  L
T h e r e f o r e ,  c o m b i n i n g  2 .31  a n d  2.32 
nr  + _
e = ____ 2. £ o  ( 2 . 3  3)
“ o L
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In the case where the burner is  a pressure je t  or steam 
atomized o i l  type, an equivalent nozzle radius r 0 1 is  sub­
s t itu te d , being defined a s .tha t aperture which the mass flow 
mQ would have passed at the density and momentum I Q,
such that
*
in
= ------ 2------  (2-24)
CPf * !
This change in  density o f the nozzle f lu id  due to evaporation 
of the l iq u id  fu e l droplets does not a lte r  the s im ila r ity  
due to the maintenance o f a constant je t  momentum.
2.5.2 The Modified Thring-Newby Approach
Quite simply, the o r ig in a l Thring-Newby parameter: 
ii + A r!
0 =  9  _ J L  ' ( 2 . 3 4 )
m0 L
is  based on the Hinze and Van der Hegge-Zijnen entrainment
ra te , equation (2.15) w ith  constant = 0.4. The m odifica-
51t io n  uses Ricou and Spalding’ s experim entally determined 
constant K^=0.32 fo r  i t s  d e riva tio n . Thus,
(2.2 1)mfl!  = 0.32
mo 2 r  A1o
- 1
56
In the je t  system i l lu s t ra te d  in  Fig, 2.22 the po in t at 
which the expanding je t  f i r s t  touches the confinement w all 
is  given by
L
x  -  ---------------  ( 2 . 3 5 )
P tan (}>
establishment recirculation plug flow
entrainment Xc
x = 0 x = 6dQ
56Figure 2-22: The Enclosed Jet M ixing Model
System Re 2 (j)
Water 5,000 16°
17,500 14°
30,000 1 2 1 °
.AAx 2 0 , 0 0 0 221°
30,000 2 0 °
40,000 19°
Table 2-3: Variation of Jet A n gle with R e . 57
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The je t  angle required is  given in  Table (2.3) from the
S7resu lts  o f Donald and Singer . Using the h a lf  angle found
58most applicable by F ie ld  et a l , the po in t o f impingement is  
taken to be
x = 2.925 L P
Zero entrainment o f the surrounding f lu id  occurs when 
mr = 0 , and as mr = ma - m0 j 
therefore, m = m
a  U
Thus from Equation (2.18) w ith  = 0.32
2rnx =  G
0.32
'Pojl
. Ps .
(2.36)
(2.37)
Now, the Thring-Newby theory assumes tha t the enclosed 
je t  w i l l  en tra in  as a free  je t  up to a po in t mid-way between 
the th e o re tica l impingement p o in t, Xp, and the po in t of 
zero entrainment, xQ. That is
1 to —  12 _0.16 I PS }
x — 2 (x^ + xi n 2 v o p '
+ 2 . 925D~[
_L
At such a p o in t, xn , the Thring-Newby parameter 6 is  
given by
P~e
I p ,
(2.38)
(2.39)
Thus, the recirculation equation is now of the form
m
it.- - 0*470 - 0,5 (2,40)
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In the cement k i ln ,  however, the primary tu rbu len t je t  
is  responsible fo r  m ixing. This means tha t a l l  the secon­
dary a ir  is  entrained before re c irc u la tio n  takes place.
Therefore, equation (2.40) is  modified using a redefined 
r
e 1 =
0 , given as :
m + m d' ps 0 0 0
m0
D l. s
(2.41)
The value o f x^ remains unchanged, but xn is  now 
d if fe re n t,  being given by:
m + rn s o
m
= 0.32 s
Po
n (2.42)
Thus, su b s titu tin g  ( 2 . 4  2) in to  (2.3.8) leads to a new pos ition  
given by:
xn = 6.25 eL. (2.43)
56Table 2.4 gives a q u a n tita tive  i l lu s t r a t io n  changing 
parameters in  the various regions o f an enclosed je t .
Jet reRion Limits Jet diameter Jet entrainment rate Jet velocity Mixing
establishment <Xxs6do dx -  do+2xT*n($/2) -
4m
Ux up d' o x
I - 1
sntraiiusent
J
6d <xSx o n dx -  do+2xT*n($/2)
cks
a r  “ *o
.32 Po
P1
1 1 
X
4(m +m i ) o ex T 3Xdo ux xp d*O X 1-3X
recirculation x <xSx n c d - d  +2*r*n($/2) x o
dm IBcr I Po
pl
* 0.72-0’ 4(mo+mi+merx) 3X
dx d 1.56(8’+0.94* Ux Tip d<0 X 1-3X
recirculation
d.-d
dx - do*2xTsn($/2)
dm b er o
dx 3“o
Po
P1
 ^ 0.72-0' 4 (m +m, +m -m ) o 1 erxc crx 3X1 “ 1-3XV x:T'CT72 1.56(0'+O.94) "pod*
plug flow d -  d. x 1 -
4(m +m,) ° I 3X
1-3X2Tan<j>/2 Ux Tip d4 o x
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28Craya and Curtet have introduced a rigorous analysis 
fo r the performance o f an enclosed je t  using the mean values 
o f the Navier-Stokes equations, s im p lif ie d  and integrated in  
conjunction w ith  the c o n tin u ity  equation. From these mani­
pulations s im ila r ity  equations were produced fo r both non- 
dimensional and axi-symmetric enclosed systems (Figure 2.23).
Xn i t s  f in a l form, the s im ila r ity  parameter, m, fo r 
determining the onset o f re c irc u la tio n  in  a duct o f constant 
height is  defined by:
m = R2 + R + KR2 / ( r 0 /L ) 2 (2.44)
where R is  known as the discharge ra t io  o f q:Q,
q = t t !  - u ) r  2 and (2.45)n ^. o a.J o .
Q = Trm (L - <S* ) 2 + q (2.46)
a
and K = a shape fa c to r.
The term 6 * is  re fe rred  to as the boundary layer displacement
59thickness. Cou.lsonand Richardson suggest tha t th is  d is ­
placement is  re la ted  to the flow , such th a t,
6* -  1.74 Re“ 2 (2.47)
As an example, consider a f u l ly  tu rbu len t k i ln  system w ith  
Re > 1 0 5 .  The value o f <s* at a po in t one foo t inside the 
tube w i l l  be 0 .00551 ft. Such a thickness is  u n lik e ly  to 
a ffe c t the s im ila r ity  parameter and is  therefore ignored.
2.5.3 The Craya-Curtet Parameter for Confined Jets
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L = h a lf  height o f mixing chamber
y = f lu id  velocity in  free stream outside the je t
y = mean a x ia l component o f v e lo c ity  at pos ition  M in s i
the je t  (w ith  ordinate y) y - ya
W = the v e lo c ity  d iffe rence = y  - y -  at po in t M
a
Wm - the same d iffe rence  on the je t  axis o f symmetry
r Q = the je t  nozzle radius
Figure 2.23 Typ ica l in le t  v e lo c ity p ro f i le :  Theory of 
C rjy f l. jmd QjixteJ;. 28
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A fu rth e r s im p lif ic a tio n  can be made using P a tr ic k ’ s 60 
conclusions, which suggest th a t, as the je t  has a ’ to p -h a t’ 
p ro f i le  at the nozzle, i t s  shape fa c to r, K, can be taken to 
be u n ity .
The value o f the re c irc u la tio n  parameter, m, varies from 
zero to in f in i t y ,  w ith  the onset o f re c irc u la tio n  occurring 
in axi-symmetric je t  systems, when tha t value is  greater 
than 1.5, and increases w ith  increasing m.
2.5.4 The Becker T h ro ttle  Factor fo r Confined Jets
2 9Becker has shown that Craya and C urte t’ s confined je t  
s im ila r ity  parameter is  a unique function  o f the ra t io  o f 
kinematic to dynamic mean v e lo c it ie s , ^ k ^ d *  anc* 
pattern o f a confined tu rbu len t je t  d if fe rs  profoundly from 
that o f a free je t .  This la t te r  conclusion is  more apparent 
in  a system, such as a cement k i ln ,  in  which the secondary 
a ir  f lo w .is  too low to s a tis fy  the entrainment capacity o f 
the primary je t  and re c irc u la tio n  occurs.
By tre a tin g  the enclosed je t  as a po in t source, Becker 
has provided the f i r s t  o f a fam ily  o f c lose ly  re la ted  para- 
.meters from a consideration o f the th ru s t in te g ra l o f the je t .  
In h is d e riva tio n , the k in e t ic  flow  in te g ra l is  given in  the 
form:
lh2 M. d r  ,
J 0
where the dynamic initial velocity is given by:
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re c irc u la tio n
Figure 2.24 Enclosed je t  system: Becker et al .
y
ground
stream
free stream
je t  
stream x
U Ua
TTTM JITM M inm JW m
29Figure :2.25 Zones of an enclosed jet
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M 2d -
pL:
(pu + P - P s>1) d r 2
In s im p lif ie d  form these re la tionsh ips  are 
mo
uk - ~nr +u a
and
A iri + I 1■ * - 0  i
TT p L2 a
(2.48 )
(2.49 )
(2.50)
respective ly .
The so-ca lled  Becker T h ro ttle  fac to r is  therefore expressed
as
Th =
1 Uk
S T  ud
with i t s  values ranging from 0 < T^ < 1 .
(2.51 )
2*5*5 Comparison o f Parameters
The three sim ilarity parameters are summarised below:
(a) Thring-Newby
in_ + m j*’r, o a o
ill
w ith  r 1" = r  o o
A ]  2 
.PfJ
(2.33)
(2.5Z)
This equivalent nozzle size allows the modelling o f an 
actual flame by the re la tio n 49
; , mo ' ' ‘ L I .(it. P i 0) 2l i-C
■ A  + m„  ^
1 
o 
I r.... +
1 + ni i
(2.53)
furnace
2 - 6 8
(b) Craya-Curtet
m = A R2 + R + kR
2 (r0 /L)2 (2.44)
where R = q/Q
q = t t ( u 0 -  ua) r 0 
Q  =  T T U a  ( L  -  6 * ) 2  
and k = 1
(c) Becker
i  u k
T h  "  ~ Z  4  ( 2 - S I )
m0 + TTUaL2
where u^ =  -----------------
tt L 2 pQ
? Io + IIa
u d  r r “
71 pa
Craya and Curtet established that between the s im ila r ity  
parameters there ex is ts  a re la tion sh ip  in  the form
e.m* = f  f 0 , 1 2 . ] ( 2  5 4  )
I L I
In the p a rtic u la r  case o f a combustion chamber where the 
radius o f the nozzle, r  , is  small compared to the chamber 
radius, the je t  can be treated as having a po in t source, 
and consequently
m = 0“ 2 (2.55)
Becker presented another s im ila r ity  parameter, re fe rred  
to as the Curtet number and defined as
2-69
u
c t  ■
k
m / - \ uM (2.56)
From Equation (2.51)
m = \ CTh- 2 - 1 )
Therefore, T^
( 2  +  e 2 )
and Ct  6*
(2.57)
(2.58)
(2.59)
61 62 F o rs ta ll & Shapiro and Squire and Trouncer , in  considering
poin t sources suggest th a t s im ila r i ty  depends upon the
v e lo c ity  ra t io  UQ/ Ua where m values are low - tha t is  fo r  a
free ra ther than an enclosed je t .  In th is  case
u
u. + 1
V
2 Uo . Ua
2 r 
—\
°L
ri 
I^ 2+ 1
>* ,
(2.60)
As an in d ica tio n  o f ty p ic a l operation parameters, Moles,
65Watson and Lain have compiled a survey of some 53 wet-process 
cement k iln s  and from the data have evaluated th e ir  range and 
operation in  terms o f excess a ir ,  size ra t io  and s im ila r ity  
parameters. A se lection  o f re levant data is  summarised below.
( i)  Excess a ir  - m a jo rity  operation 2-6% excess
( i i )  Equivalent size ra t io
( i i i )  Geometric size ra t io
( iv )  V e lo c ity  ra t io
(v) Thring-Newby parameter 0.35 <0 <0.80
(v i)  Craya-Curtet parameter 2.0 <m <10.0
( v i i )  Becker T h ro ttle  Factor 0. 20 < T^ < 0. 45
Barchilon and C u rte t63 give data showing the positions 
o f N,C,P, the poin ts being defined as:
N - s ta r t  o f re c irc u la t io n  
C - core o f re c irc u la t io n  eddy 
P - po in t o f je t  impingement
0.14 < r * /L <0.24 o
0.06 < r ’Q /L <0.11
20 < u  / u  < 50 ~ o a
2 - 7 0
Figure 2.26 compares the pos itions  o f these poin ts fo r
the o r ig in a l Thring-Newby and Craya-Curtet theory.
Relative abcissa X/L
Figure 2.26 Comparison o f 6 and m: due to Curtet
A fu r th e r  comparison is  i l lu s t ra te d  in  Figure 2 .276** 
fo r data co llected  from f i f t y  cement k iln s . The so lid  curves 
are ca lcu lated values from equations 2.57 and 2.55 respective ly .
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Figure 2.27 Plot of mvsB and m v s . Th
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The main disadvantage of using the Thring-Newby parameter 
in  such systems is  due to i t s  lim ite d  a p p lic a b il ity  in  the 
case o f large je ts  issuing in to  confined areas (Figure 2.28). 
Robertson66 and Cohen de Lara and R iviere67 have suggested 
that using the parameter in  such systems causes an excessive 
d is to r t io n  o f p red ic tions in  the v ic in i ty  o f the nozzle, and 
l im i t  the c r i te r ia  to systems in  which r Q/L is  less than 0.05 
1  in  2 0 .
From the survey o f Moles et a l 65 i t  is  apparent tha t 
the range o f r Q/L values fo r  cement k iln s  are fa r too high 
to perm it the accurate use o f the Thring-Newby c r ite r ia .  
However, Davidson68 has avoided the d is to r t io n  problem when 
modelling b o ile rs  by d ire c t ly  scaling the nozzle dimensions 
and p lacing a w ire gauze in  fro n t o f the je t  to estab lish 
i t  in  a p o s itio n  corresponding to the flame fro n t. (Figure 2.28)
In h is work on systems in  which flow patterns and mixing 
are equally im portant, Robertson introduced an equivalent
tmixing length term, L , defined as:
®x—  = lc
■'N
j'X N
l
IX 
|
= k ( L 'x )
*o r o po\ )furnace r ° J
!where L A L / 5  .x po
S
w ith S being the scaling fa c to r.
model
(2.61)
(2.62)
The theories o f Craya-Curtet and Becker avoid such modi­
fic a tio n s  by ad justing  the flow rates in  such a way as to be 
able to p re d ic t the size and p os ition  o f the re c irc u la tio n
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and are applicable in  cases where the sizes o f the nozzle 
are comparable to those o f the confin ing space.
In concluding, i t  is  important to appreciate tha t the 
scaling o f a burner nozzle provides one o f the greatest 
problems in  the isothermal modelling o f enclosed je t  
systems.
2.6  A Jet Influenced by Cross-Flow
The review o f tu rbu len t je t  mixing and s im ila r ity  has 
only examined the in te ra c tio n  o f free or enclosed je t  
streams issu ing in to  quiescent or co-flow ing surroundings.
Under such conditions the radius and entrainment ra t io  
o f the je t  decreases as the ra t io  o f the secondary to primary 
v e lo c ity  increases, while the length of the primary core also 
increases to an asymmetric value, due to the turbulence in  
the two merging streams.
In a free je t  encountering a cross-flow ing stream, the 
p ic tu re  is  d if fe re n t,  w ith  the je t  being subjected to a 
p o s itive  upstream pressure and a negative w a ll pressure.
The sides o f the now deflected je t  are a ffected by la te ra l 
shearing forces, changing the cross-section to tha t o f a 
kidney shape containing a p a ir  o f vo rtice s . These vo rtices  
g rea tly  a ss is t the process o f entrainment, increasing i t s  
rate s ig n if ic a n t ly  greater than tha t o f a normal merged
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je t .  This has the e ffe c t o f shortening the p o te n tia l core 
of the je t ,  and the decay o f je t  properties w ith  distance from 
the nozzle becomes greater than fo r je ts  in  a stagnant envi­
ronment69 ; (Figure 2.29 )5.3
In an isothermal system, the ra tio  o f the system to je t  
v e lo c itie s  is  given by the parameter A . For non constant 
density cond itions,
stream
'je t
stream
V.J et
(2.63)
60From P a tr ic k 's  de ta iled  research on transverse je ts , . th e  
pos ition  o f the axis o f a je t  penetrating at r ig h t angles 
in to  a stream is  given by
£  = 1 . 0 A ~0,85
n
(2.64 )
where x is. the stream d ire c tio n , y is  the je t  d ire c tio n  and 
n is  0.34 and 0.38 fo r  concentration and v e lo c ity  data 
respective ly .
Sanderov70 gives a s im ila r  em pirical equation in  the form
* = A2
2*5 5 r  s
y I -J- 1  + A 2
d o
d 0 k j
cot a (2.65 )
where a is  the angle between the d ire c tio n  o f the axis of 
the nozzle and the d ire c tio n  o f the d e fle c tin g  flow .
Another em pirical equation fo r  the axis o f a c irc u la r  je t
71deflected by a flow  was derived by Ivanov through a range 
of angles from 60° to 1 2 0 ° ,
Figure 2.29 The influence of cross-flow on a jet 53
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A2 I J
*1 l'O0 3
I
I d J d cot a
(2.6 6 )
The em pirical equations 2.65 and 2.66 at a = j  have the 
form
x
d = A X.]
2*5 5
(2.67 )
and
= (A2)2  'i 1 »3
( t ) JLd
S.D
kID 
S.D 
2.0 
0.0
y
s
■A
A
A
/ '
/  
A  ,
0
/ a
Z*3
2
U A
i f f ]
1
2,0 3,0 H,0 S,0
d-ZOMM | a 2
• d-W-MM [ - VJS, a-3D'roI• Theory'
A d- ZD aim j Az
a d-fVMM -P - fS.SS. a-SO*
— theory J ai
F ig u re  -2. 3 0 The axis of a let in a 
la te ra l deflecting flow. 53
(2.68)
I f  the hydrau lic  radius o f the chamber is  given by the 
curving mean angle o f the primary f lu id  je t  can be given by
a =“ a EXP m o lJ L rAX1 L
(2.69)
where a = 0 . 1 53
In such a chamber, the proportion of recirculation is;
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1 » 10 
T  “ 6 _T El
}jet ! 1 2 72
pstream
where 0 is  the Thring-Newby parameter, and 
I s  +  T j  =  ( I s 2 +  I j 2  +  2 I s I j  c o s o 0 * »
sin am (2.70)
i - di - ip d p
and e is  a p ro p o rtio n a lity  c o -e ff ic ie n t depending on 
the j e t ’ s angle o f incidence.
2.7 Flames and Flame Length
In the ro ta ry  cement Ic iln  the temperature o f the flame 
at any po in t can be determined by an algebraic equation:
Heat received from ra d ia tio n  from surroundings
+
Sensible heat ca rried  in to  flame by the com­
bustion a ir  and precalcined gases
+
The heat lib e ra te d  by the combustion o f the 
fu e l
The ra d ia tive  and convective heat losses to the 
k i ln  surfaces
The sensible heat o f the flame gases.
The type o f flame tha t is  established w ith in  these k iln s , 
as well in  the m a jo rity  o f other in d u s tr ia l heat processes, 
is  re fe rred  to as a tu rbu len t d iffu s io n  flame. The in te r ­
action o f td f 's  w ith  th e ir  environment, whether i t  be
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a ro ta ry  k i ln  or the ca lc ine r section o f a Lepol grate pre­
heater can be established using isothermal scale modelling 
techiques, as i t s  mixing and v e lo c ity  delay can be assumed 
to be s im ila r  to th a t o f a confined je t ,  but w ith  the e ffe c t 
o f the temperature o f the reactants superimposed
2.7.1 The Turbulent D iffu s io n  Flame
Flames are formed by the combustion of a je t  o f reactants 
w ith the oxygen o f the surrounding atmosphere. In order to 
achieve the high combustion rates often demanded in  in d u s tr ia l 
heating processes, the fu e l must be je tte d  in to  the combustion 
chamber at a very high v e lo c ity , wherein i t  must in te ra c t 
w ith the combustion a ir  which is  usua lly  de livered separately. 
Flames a ris in g  in  th is  manner are termed d iffu s io n  flames, as 
opposed to pre-mixed, in  which the fu e l and to ta l amount o f 
combustion a ir  are already in  contact p r io r  to entry in to  the 
furnace. The combustion o f the pre-mixed flame is  lim ite d , 
not by the reactant mixing ra te , but by the ra te  at which 
the chemical reaction  associated w ith  combustion takes place.
The d iffu s io n  flame can be fu rth e r categorized according 
to the manner in  which the m ateria l exchange proceeds. I f  
such an exchange proceeds only by the molecular d iffu s io n  
of the constituen t reactants, the flame is  said to be laminar.
However, the most commonly encountered in d u s tr ia l flame 
is  one in  which only a small, proportion of m ateria l ex­
change is  accounted fo r  by molecular d if fu s io n . In th is  
flame the greatest proportion  o f the exchange is  maintained
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as a re s u lt o f the tu rbu len t transverse movements o f the 
je t  flow  which re su lts  in  the combustion ra te  being con­
tro lle d  by reactant mixing. Such flames are termed turbu­
len t d iffu s io n  flames.
Flames pass th e ir  heat to the environment by 
rad ia tio n , w ith  only a small degree being transfe rred  by 
d ire c t contact w ith  the m ateria l to be burned. The to ta l 
rad ia tion  co n trib u tio n  in  a ro ta ry  k i ln  can be c la s s ifie d  
in to  s ix  constituen t in te ra c tio n s :
( i)  Between the flame and the charge;
( i i )  Between the flame and the gases;
( i i i )  Between the flame and the k i ln  w a lls ;
( iv ) Between the gas and the w a lls ;
(v) Between the gas and the charge;
(v i)  Between the walls and the charge.
With such a large co n tribu tio n  a ttr ib u te d  to ra d ia tio n ,
73i t  is  possible to increase the heat tran s fe r in  a k i ln  by:
(a) Increasing the flame temperature;
(b) Increasing the concen tra tion .o f CO2 and H2O
in  the combustion gases as these products absorb and emit 
rad ia tion  in  d iscre te  bands in  the spectrum, w ith  c o -e f f i ­
cients tha t vary w ith  the temperature o f the gas and ra d ia tio n  
source;
(c) Increasing the in te r io r  surface area ava ilab le  by an
74increase in  k i ln  diameter,up to approximately 3 | metres.
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In general, i t  is  those flames which have low em iss iv ity  
and radiate less tha t have a higher flame temperature. Such 
a statement appears to be completely contradicted by Walberg75 
who states th a t, from experience, the flame temperature o f 
natura l gas is  approximately 125-270°C lower than that of 
a coal dust flame, although the la t te r  has the highest emissi­
v ity .  These ra d ia tive  properties are due to the high pro­
portion  o f C02, H20 and suspended in e r t dust and ash p a rt­
ic les  present in  the flame.
However, although the flame temperature and heat value 
o f coal is  lower than th a t o f o i l  or gas, i t s  average con­
sumption of fu e l per u n it weight o f cement produced is  less86
Table 2.435
(d) An appropriate change in the choice of fuel burnt.
JEual Fuel Consumption rib) B tu /lb Kcal/kg
C linker fton)
coal 471 2159 1550
fu e l o i l 327 2943 1632
natura l
gas
6365 c f. 3278 1817
two facto rs instrumental in  m aintaining such a low figu re  are 
the added production advantage o f having the residue ash d is ­
charged and sold w ith  the c lin k e r along with a reduction in the air 
volume requirement necessary w ith  p'f coal combustion.- This 
reduction resu lts  in  a lower bulk.; gas v e lo c ity , leading to 
an increased heat exchange ra te  from gases to charge due to 
the higher k i ln  residence time.
As an example, in  an operational kiln,^ 1000 btu o f a heat from
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a coal flame generates 11.3scf o f gases compared to 1 1 . 6 6  and
13.07 scf from o i l  and gas re s p e c tiv e ly 35.
The burning o f fu e l o i l  occupies an intermediate pos ition  
between the surface reaction o f a coal dust flame and the 
volume reaction associated w ith  gas f i r in g .  Moreover, liq u id  
fue l flames tend to be the most f le x ib le  o f a l l  three, as 
th e ir  em iss iv ity  can be a lte red  to s u it the combustion requ ire ­
ments. Although i t  is  some 3.5 and 1.5 times as luminous as 
gas at the burner and k i ln  ends respective ly , i t s  lower H2 0 
content resu lts  in  a reduced non-luminous and convective 
heat tra n s fe r in  the cooler zones.
For the tu rbu len t d if fu s io n  flame, at temperatures above 
1100°C, the chemical reaction  rates between combustible 
gases and oxygen are so fa s t compared w ith  the physical 
mixing process, tha t the la t te r  is  the ra te  c o n tro llin g  
process. In the case of na tu ra l gas, the combustion rate 
is  the same as the mixing ra te  u n t i l  about 80% of fu e l has 
been consumed. However, the physical nature o f coal and 
fue l o i l  requires tha t these fue ls  be.d ivided and in jected  
in to  the combustion chamber w ith  a d if fe re n t ia l v e lo c ity  
high enough to ensure a continuous mixing o f the fue l 
p a rtic le s  w ith  fresh oxygen, along w ith  a rapid removal 
of the combustion products.
In p . f .  f i r in g  the coal p a rtic le s  can be regarded as 
porous s o lid  spheres, f i l l e d  w ith * liq u id  v o la t i le s . Com­
bustion is  therefore  completed in  two d is t in c t  stages - the 
emission and burning of these v o la t i le s , followed by the 
residual char combustion, wherein the e n tire  so lid  mass burns
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while m aintaining a cenosphere o f constant size. The burning 
time o f such a p a r t ic le  is  the sum of the time taken to 
ig n ite  and consume the v o la tile s  and the char burning time, 
while the ra te  o f combustion is  very much dependent on the 
rate at which oxygen can be delivered to the surface of the 
p a r t ic le . In order to maintain a re la t iv e ly  s ta tiona ry  flame 
w ith in  a coal f ire d  k i ln ,  the gas temperature must be at least 
860-900°C, and somewhat higher i f  the fu e l has a reduced 
v o la t i le  and increased ash content.
Because o f the need to bre&k-up and vaporize l iq u id  fue l
to the required p a r t ic le  s ize, the combustion rate  o f o i l
76is  some 6% slower than i t s  mixing rate  . The rate at which 
the fu e l is  vaporized is  dependent upon a combination of 
contact surface area and temperature between the liq u id  and 
oxidant, the d ifference. betwTeen the vapour concentration at
L9tha t surface and the mass transfe r
I f  an o i l  flame’ s performance depends on theLIntimate 
mixing o f reactan ts . and .oxidant, which is  in  tu rn  dependent 
on the vaporiza tion  o f tha t fu e l, then a s ig n if ic a n t im­
provement in  combustion can be achieved by maximizing the 
surface area ava ilab le  to the reaction. This can be achieved 
by atom ization.
The p rin c ip a l functions o f atomizers are to d is in teg ra te  
the l iq u id  fu e l and to d ire c t and disperse i t  in  the form 
o f a fin e  m ist. For o il, burning, steam or compressed a ir  
atomizors or vane-je t sw irle rs  achieve the necessary vapor­
iza tio n  fo r  e f f ic ie n t  combustion.
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A cement k i ln  is  an unusual combustion chamber in  tha t 
a l l  the energy required to perform the .mixing process and
For coal, the maximum flame v e lo c ity  occurs at a primary 
a ir  : fu e l ra t io  o f about 3 :1  , w ith  an associated reduction
77in  the flame length due to an improvement in  mixing. A 
fu rthe r increase in  primary a ir  proceeds to lengthen the 
flame again,due to excessive coal p a r t ic le  v e lo c it ie s .
The flame v e lo c ity  can also be increased by adding oxygen 
to the primary a ir  up to 27-35% or by reducing the p . f .  
p a rtic le  size which re su lts  in  an increase in  surface area 
per u n it mass.
78Beer and Chigier give a re la tion sh ip  fo r the v e lo c ity  
of gases along the axis o f p . f .  flames as
where y = distance from burner nozzle along the flame axis
For an o i l  f ire d  k i ln ,  th is  lim ita t io n  o f flame length 
and v e lo c ity  is  not experienced as the p a r t ic le  v e lo c ity  is  
independent o f the primary a ir  v e lo c ity  and re lie s  p rim a rily ' 
on the e ffic ie n c y  o f the atomizer employed. The 3% primary 
a ir  tha t is  normally required in  the case of a steam atomized 
burner is  necessary only fo r cooling the burner pipe inside 
the hot k i ln  hood and to in i t ia te  and s ta b iliz e  the ig n it io n
establish re c irc u la t io n  is  provided by the primary a ir .
6.4
1
do* 0.157 + A
y _ 5.5 A (2.71 )
A = v e lo c ity  ra t io  fa c to r 
* d0 f ^o 1d = —  —  , w ith  p as a pressure co rre la tio n ,
c^ ( a*/
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Having d ea lt, a lb e it very b r ie f ly ,  w ith  the q u a lita tiv e  
aspects o f s o lid , l iq u id  and gaseous fu e l f i r in g ,  we move 
onto an area of q u a n tita tive  assessment tha t has proved to 
be exceedingly d i f f i c u l t ,  and one in  which nearly a l l  pre­
d ic tions have an em pirica l basis - flame length.
2.7.2 The Length o f a Turbulent D iffus ion  Flame
One of the most important fac to rs  a ffe c tin g  the com­
bustion rate and flame length o f high temperature 
d iffu s io n  flames is  the aerodynamic mixing o f the
reactant and o x id ise r. Because such an in te ra c tio n  in  the 
cement k i ln  is  dependent upon the primary a ir ,  i t s  associated 
flame properties are very much dependent upon the magnitude 
and momentum o f the fu e l je t  a t the burner nozzle.
In a l l  flame length approximations, several parameters 
con tinua lly  re-appear, a lb e it  in  d if fe re n t forms. These are:
Fuel and a ir  mass f lu x  
Fuel and a ir  v e lo c it ie s  
Fuel and a ir  momentum f lu x  
K iln  and nozzle diameter 
.Primary je t ,  secondary a ir  and flame gas densities 
Combustion a ir  requirement of fu e l.
Provided the Reynolds.' number is  high enough fo r a flame 
je t  to be tu rb u le n t, one c h a ra c te r is tic  o f a constant 
momentum free tu rbu len t flame is  tha t i t s  length remains r.
of the oil flame.
2 - 8 6
re la t iv e ly  constan t> while i t s  width is  almost
independent o f a ir  : fu e l r a t io ,  fu e l type and approach
L9
stream v e lo c ity  and turbulence
79
Progressive change from laminar (o turbulent diffusion flame with increase in burner nozzle velocity 
I —  E nvelope o f  fl.im e length ; 2 —  Envelope o f  brc-ik po in t.
Figure 2.31 Development o f a tu rbu len t d iffu s io n  flame79 
Wohl et a l80 suggest th a t the phenomenon may be explained 
by the fa c t tha t the mixing o f the fu e l je t  w ith  the ambient 
oxygen -increases due to the higher shear rate o f the fa s te r je t  
thereby.m aintaining a constant length. S im ila r ly , changes in 
density on flame w idth also have l i t t l e  e ffe c t - fo r any 
increase in  v e lo c ity  re s u ltin g  from a temperature increase 
is  counteracted by a dim inished shear and entrainment rate 
associated w ith  the reduced density  o f the je t .
From th e ir  work they have developed an em pirical re la t io n ­
ship fo r  a town gas flame in  the form:
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L
d
1
16 1
(2.72 )
0.00837 f  1  + ^
where f  = 0.93 and u = in  cm s'"1
The independence of length on v e lo c ity  is  exemplified
. .72in  another sem i-empirical equation of Chigier" :
where Rc is  the s to ich iom etric  a ir  : fu e l ra t io  of the gas 
burnt and P^>p£ the gas and flame densities respective ly .
in  which: A is  a constant
B is  the amount of a ir  in  the surrounding atmosphere 
needed fo r burning 
mQ is  the fu e l mass discharged per u n it time by 
the burner
I Q is  the momentum o f gaseous fu e l flow  at burner 
nozzle; and 
pQ is  the nozzle f lu id  density.
Again, fo r  free gaseous tu rbu len t d if fu s io n  flames, un-
8 2affected by buoyancy, Hawthorne et al give a qua n tita tive  
formula in  terms o f a dependency on the reactant and ox id iser
L
d
(2.73)
For a free methane flame at 1400°C, th is  equation gives 
an -j value of approximately 2 0 0 .
ft 1Traustels work on free gaseous flames led to the 
de riva tion  o f the equation:
(2.74 )
2 - 8 8
m ix ing .
( 2 . 7 5  )
are the molecular weights o f the nozzle and 
surroundings f lu id s  
Cr  is  the mol fra c tio n  o f nozzle f lu id  in  the unreacted 
s to ich iom e tric  mixture
G.E.F.G.N. to ca lcu la te  the flame lengths in  th e ir  a c id /a lk a li 
modelling o f gas f ire d  glass tanks. The formula, based upon 
je t  entrainment gives the len g th .o f both the free flame; :
where m is  the Craya-Curtet parameter.
From (2 . 7 7 ) i t  appears tha t a confined flame w ith  
re c irc u la tio n  is  some 2 0 % shorter than i t s  free je t  counter­
part, but becomes longer again as m exceeds .4 .
The study o f l iq u id  fu e l burning is  made more compli­
cated by the atomizing arrangement, which makes the burner
and a,p is  the ra t io  of mols o f reactants to mols of 
products fo r  the sto ich iom etric  m ixture.
In a much more recent research programme, Khan and 
14MacFadyen have used the formulae, published o r ig in a lly  by 
83 „ , , , , .
, _ 6.65 (1 + R) mon ■ : I I (2.76)
(P£ ) 5 ( I D) 2
and enclosed flame:
L = (0.32 / “ in + 0.45) L c v J o (2.77)
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dimensions no longer re a d ily  discernable. Thring 52 has over­
come such a problem through the in troduction  o f an equivalent 
nozzle rad ius:
In association w ith  Newby th is  concept was used to 
determine l iq u id  fu e l flame lengths such th a t:
in  which the constant As represents the mass concentration 
of burner f lu id .  In the fu e l flame, the s ig n if ic a n t dimen­
sions can be ca lcu la ted from tu rbu len t je t  theory based on 
the fu e l atomizing agent spray as the momentum source. Thus 
As is  dependent on the atomizing medium, being given as:
As = ( 1  +«)/15 + a) fo r  1  kg fue l atomized w ith  akg steam 
and As =(1+ a)/15 fo r  1 kg fu e l atomized w ith  akg a ir .
For a pressure je t  atomizer arrangement, the forward
liq u id  momentum is  small compared to tha t o f the a ir  flow .
'In  such a system the flame cha rac te ris tics  depend more upon
the flow  p a tte rn . This d iffe rence in  burner ch a ra c te ris tics
is  exem plified in  the graph o f flame length v a ria tio n  w ith
8Lexcess a ir  quan tity  from Reed.and W a llin 's  work on the 
flame ch a ra c te r is tic s  o f various types o f o i l  burner. From
(2.24)
where m is  the l iq u id  mass rate o
m0 is  the atomizing fu e l ratecl
and I is  the momentum o f the to ta l m ixture.o
(2.78)
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the curve, i t  is  apparent tha t the general e ffe c t is  fo r a 
flame to increase in  length as the excess a ir  is  reduced. 
In the case o f mechanical ro ta ry , medium-pressure a ir ,  and 
steam atomized burners, a small change in  excess a ir  is  
accompanied by a large change in  flame length. However, 
fo r the pressure je t ,  w ithout turndown, the re la tion sh ip  
is  almost l in e a r84.
A--mechanical rotary 
B: medium pressure a ir 
C-low pressure a ir .
D-pressure je t 
fb steam atomized
Figure 2.32 V a ria tion  o f flame length w ith  excess a ir  
qu a n tity  at f u l l  load84
Stabouleanu^as developed a th e o re tica l length- fo r o i l  
based on the equation o f motion.
m du 
dt = -R (2.79 )
where R is  resistance, re s u ltin g  in  the length o f a 
tra je c to ry  given by
u • . t  o.
L = u ,.:t = o.i (2.80)
1 + 2.4 ' Iff Ka 1
12 ■ da 1 i/s n
T • Yi * i  J A  J rf
where ya and are the dynamic viscosities of the ambient
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and in jected  f lu id  respective ly .
Ya> Y  ^ are the respective sp e c ific  g ra v itie s  
t is  a time increment 
and d^, dQ are the diameters o f the nozzle and the fro n t 
section of the spray.
From equation (2.80), i t  is  possible to assess several 
operating trends fo r  conica l-spray je ts :
( i)  The length of the je t  and the v e lo c ity  increase w ith 
in je c tio n  pressure;
( i i )  The length and je t  v e lo c ity  decrease as the droplet
size, and hence penetration power, decreases;
( i i i )  The length and je t  v e lo c ity  increase w ith  nozzle size;
( iv ) The length and je t  v e lo c ity  decrease w ith  an increased
sp e c ific  g ra v ity  o f the fu e l;
(v) The length increases w ith  v is c o s ity .
2.7.3 The In te ra c tio n  o f M u ltip le  Turbulent D iffus ion  Flames
Placing je t  flames in  a group arrangement generates 
in terference between each in d iv id u a l flame which increases 
as the spacing between them is  reduced. The aerodynamic 
in te ra c tio n  of a m u ltip le  je t  system is  considered to be the 
most important fa c to r concerning such in terfe rence and 
a ffec ts  the flame s ta b i l i t y ,  combustion length, temperature 
and concentration d is tr ib u t io n  along the flame w ith  conse­
quentia l generation o f products such as unburnt carbons 
ss'and NO x
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In th e ir  m u ltip le  in te ra c tio n  research, Putnam and Speich86 
give an approximation fo r a buoyancy co n tro lled  gas flame 
length as
lfi
= 29 (2.81)
where Qq = volume flu x  of in jected  fu e l.
I f  the je ts  are very close together compared to the 
height o f the flame, the above equation is  m odified:
m u ltip le  29 
d
n Q, 7s (2.82)
Thus,
m u ltip le = n2h> (2.83)
s ing le
I f  the je ts  are spaced by a distance, S, the flame in te r ­
action is  only p a r t ia l and the height can be given by the 
re la tio n :
(Lm ult/Lsing) “ 1 
n2/5 - 1 = f source-shape fa c to r, n, S/(Q0 2 /g)
1.0
o.a
o.«
0.4
0.2
-0.2
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Fig.2 .33 The experimental and .theoretical correlations of a dimensionless flame heioh 
as a function o f SCQ^/g^ ’   6
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Chigier and Apak87 also analyzedthe increase in  overa ll 
flame length w ith  increase in  burner separation and decrease 
in  the number o f burners - the e ffe c t being more pronounced 
at low s w ir l leve ls  (Figures 2.34 and 2.35).
'SbOCCD
1 /d
Fig. 2. 34trTect of burner reparation and r,umber of Fig. 2 .35 Change in r.u...ie length for : vo burnersburners on name length. "itr. reciprocal of separation distance.
A dimension length fa c to r, L^, termed percent re la tiv e  
flame length,was defined as
Lr
L - L m s
m
100 (2.85 )
where Ls is  the s ing le  flame length
is  the m u ltip le  flame length.
For burners in  l in e ,  th is  leads to the re la t io n :
l r -
n (2.86)
dE
. S
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where a is  the rim distance o f two adjacent burners 
Dg is  the burner e x it  diameter, 
and n is  the number o f burners
8 7Figure 2.39 Flow pa tterns in  a three s w ir l in g flame system
The authors concluded that:-
(1) For flames separated by more than two burner e x it  d ia ­
meters there was no s ig n if ic a n t in te ra c tio n :
(2) As flames are brought together from X/Dg = 2, in te ra c tio n  
increases, reaching a maximum when the burners are 
adjacent to one another.
(3) Burner crowding reduces large scale mixing and entrainment
o f a ir  'from the surroundings, thereby.reducing combustion.
(4) M u ltip le  flames are less stable against b lo w -o ff.
(5) In p re d ic tin g  the flame length fo r m u ltip le  burners, 
account must be taken o f the increase in  flame length as 
a consequence o f separation o f other flames.
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From such conclusions it would appear that the envisaged 
separation distance between the two burners in calciner 
section of a Lepol would be great enough to ensure that both 
could be treated as independent jets - X/Dg being 5.
2-96
2C FLAMES FOR CEMENT MAKING
2.7.4 The Length o f a Rotary K iln  Coal Dust Flame
The work most applicable to th is  research was in it ia te d  
by Ruhland16w ith  the aim of determining the e ffe c t o f various 
parameters on the length o f a coal flame. The analysis was 
based on a c id /a lk a li n e u tra liz a tio n  techniques - the aerodyna- 
m ica lly  con tro lled  mixing of the coal t . d .f. being id e a lly  suited 
fo r isothermal sim ulation - and quan tita tive  analsyses on a 
prototype k i ln .
The flame length equation 82
= 9.62 (2.87)
was used as the s ta rt in g  po in t o f the in ve s tig a tio n , w ith  a 
su itab le m od ifica tion  fo r  the change in  flame length due to 
confinement in  the form:
AL
d d . ,o- o measured
A -  + B 3 P (2.88)
In i t s  f in a l form, Ruhland*s Universal k i ln  equation 16 is  
given as:
— = /k  T 3.21 4 + B3 p J + 3.862
J)*642
EXP(a + b)
where k is  a fa c to r a llow ing fo r  the density changes 
associated w ith  the burning reaction :
k =
rfi ifi o a
m m o a
Po Pa
and a and b are defined as:
1*24 5
a = 2 . 1 2  —  - a° ■ '
riu D-d,
D-d,
b - 0.1052
(2.89)
(2.90)
(2.91)
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where m , m are the mass flow  rate o f the primary je t  and 
P s
i t s  surroundings respective ly ,
D, dQ are the diameter o f the k i ln  and burner res­
p e c tive ly .
The k term can be re la ted  to the Thring-Newby equation 
through the use o f the equivalent nozzle radius term r 0! given 
in  Equation (2.33 ) such tha t
m + m 2 r f r po a z 1 ~ r P i  o £o
7.T, I p f  .™o 2L 1 H
At a s u ff ic ie n t distance from the nozzle, pQ = p , thus
(2.92)
a
in J 2L o
1 £  / x  (2.93)
Therefore, combining Equations (2.03) and (2.89) 
Lf  2 1  f A
do
a
in + ft o a [■ + 3.862
0*6 kZ
EXP (a + b) J (2. 94)
However, the nozzle sizes used in  the in ve s tig a tio n  were
/
in  the range
T* ^0.0726 < f 0.1853, and outside the accurate Thr.ing-
r . L
Newby l im its  o f te.05 necessary :to  avoid a d is to r t io n  of 
resu lts  near the nozzle.
U nfortunate ly, the accuracy o f Ruhland's resu lts  is  also 
questionable due to the lim ite d  co rre la tio n  between the 
n e u tra liza tio n  model and the in s u ff ic ie n t amount o f em pirical 
data recorded.
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In view of th is  l im ita t io n , a more thorough inve s tig a tio n
88, 89was carried  out by FERGUS , again using both isothermal
modelling techniques together w ith  more comprehensive p lan t 
t r ia l  data. The flame length w ith in  the prototype was de­
fined as the distance from the burner nozzle to a po in t at 
which 99.95% o f the combustion reactions had been completed 
through a measurement o f 0.05% CO concentration in  the k i ln .  
The gas sampling probes, along w ith  cooling water and sampling 
pumps were attached to , and ro ta ted  w ith  the k i ln ,  g iving 
continuous ana lys is. Such an arrangement made i t  possible to 
monitor the flame p ro f i le  under normal operating conditions, 
rather than having to ta i lo r  the conditions to s u it the probe^ 
as was the case w ith  Ruhlands less f le x ib le  equipment design.
The measured flame length value was substitu ted  in to  a 
quadratic equation o f dimensionless variab les in  the form:
L m D2 - d 2a u ao
n - l  ’ P’ ™0 ’ d2 
and in te rpo la ted  mathematically.
In order to iso la te  the e ffe c t o f each parameter, several 
fu rth e r p lan t t r ia ls  were undertaken under d if fe re n t k i ln  
cond itions.
The f in a l computer co rre la tio n  gave flame length in  the 
form:
Lr -9 oqi B2 " <Y2
~  = 20.02 + - - ■ ■ ■ + 0.39 0
do n - l d 2
u
- 0.32 -— ±15%
ua
(2.95)
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From such a re la t io n , i t  is  possible to p re d ic t the flame
length expected fo r various sizes of p . f .  burner given the
appropriate primary and excess secondary a ir  leve ls . As
49w ith  Stambouleanu’ s o i l  f i r in g  analysis, several important 
influences can be id e n tif ie d *
( i)  The excess a ir  leve l is  by fa r the most important 
variab le  c o n tro llin g  the k i ln  flame. Increasing the pro­
portion  from zero to in f in i t y  reduces the flame length 
smoothly from in f in i t y  to a minimum value given by:
although i t  is  s t i l l  possible to reduce th is  value even 
fu rth e r through maximizing the combination of excess a ir  
and v e lo c ity  ra t io .
( i i )  The nozzle diameter is  the next most in f lu e n t ia l 
parameter, w ith  i t s  e ffe c t being transferred through 
je t  mixing by changes in  je t  v e lo c ity  and momentum. For 
a given primary and excess a ir  le v e l, a decrease in  nozzle 
diameter increases the flame length, a fte r passing through 
a minimum.
In ce rta in  types o f burner, the primary a ir  requirement 
o f the je t  is  zero and the excess a ir  fa c to r is  given by 
( 1 /n - l)  = 0 , thus the flame length reduces to :
=• 20.02 + 0.39
D2 - d 2 o (2.96)do mm
20.02 + 0.39
D2 - d 2 o 0.32
uo (2 .97)ua
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Figure 2.4C Design Chart fo r  Rotary K iln  Nozzle Sizing 
and Flame Lengths.
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Unfortunate ly, o i l  f ire d  k iln s  generally operate at primary 
a ir  leve ls  < 1 0 %, which is  w e ll below the le ve l investigated. 
Because o f th is  and the complex nature of the design o f 
these and gas burner nozzles, overprediction o f the diameter 
occurs, which in  tu rn  leads to an underestimation of je t  
v e lo c it ie s . I t  is  estimated th a t under normal f i r in g  
conditions, a gas f ire d  k i ln  has a flame length some 3-30% 
longer than th a t o f coal, depending on the proportion  of 
primary a ir .  For these gas burners i t  is  ndtadvisable to premix 
the fu e l to any appreciable extent and the ra t io  ( 1 /n - l)  is  
taken as 1/E.
2. 8 Vortex and Sw irl Combustion
The se lec tion  o f a burner - hence the flame type - is  
d icta ted by the process by which i t  is  adopted. For the 
ro ta ry  cement k i ln ,  the long lazy flame from simple coal 
burners provides the requirement o f temperature on the nose 
ring  and heat fu rth e r down the k i ln  in  the ca lc in ing  zone.
However, the requirements o f estab lish ing a flame w ith in  
the ca lc ine r section o f a Lepol grate preheater are e n tire ly  
d if fe re n t ly ,  espec ia lly  i f  the p re requ is ite  is  fo r coal 
f i r i n g . ,
One burner th a t is  capable o f sa tis fy in g  the c r i te r ia  
and g iv ing  possible outputs o f 1.3 - 7.0 x 106 W/m2 from 
re la t iv e ly  small u n its , is  the vortex combustor.This u n it 
consists o f a c y lin d r ic a l chamber w ith  a x ia l and tangentia l 
inputs - e ith e r o f which is  used fo r  the fu e l or o x id ise r - 
and an axisymmetric a x ia l output. The flame tha t is  main­
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tained w ith in  such a chamber may be considered to occupy an 
intermediate p o s itio n  between the pulverized fu e l flame and 
that o f s o lid  fu e l combustion on a grate.
In a conventional, confined, tu rbu len t d iffu s io n  flame, 
ch a rac te ris tics  such as combustion e ffic ie n c y  and the heat 
transfe r to the walls and charge are influenced by the 
phenomenon o f re c irc u la tio n .
The e f f ic ie n t  combustion o f the vortex u n it is  due to 
the enhanced mixing rates and optim izing o f residence time 
brought about by: the m u ltip le  re c irc u la tio n  generated w ith in  
the chamber. With such an enhancement, these combustors 
are capable of operating successfu lly w ith  very small excess 
a ir  fac to rs  (1.05-1.1) and o f doing so when f i r in g  a large 
range o f fu e l types. The extremely high ce n tr ifu g a l f ie ld  
(7200 g) encountered am p lifies  the flame speed, while the 
re c irc u la tio n  ch a ra c te ris tic s  provide good flame s ta b i l i t y  
at these high flow  v e lo c it ie s .
The hot gas discharge from the vortex o u tle t is  analogous 
to th a t o f a s w ir l burner. Therefore, in  .isothermal model 
inves tiga tions , the s im ila r i ty  parameters and approximations 
applicable to these burners can be used fo r  the vortex 
.chamber. I t  is  in te re s tin g  to note tha t there is  fa r less 
inform ation ava ilab le  concerning combustion e ffec ts  inside 
vortex combustors, than fo r  s w ir l burners - the reason being 
that the former have been used ..exclusively fo r  so lid  fu e ls , 
thereby making aerodynamic and most other a ir  stream measure­
ments extremely d i f f i c u l t .
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However, to the combustion engineer, the vortex system o ffe rs  
a se lf-conta ined and e a s ily  automated package capable of 
d e live ring  a 'c lean ' high output from a re la t iv e ly  small 
volume.
2 . § . 1  S w irling  Combustion Flames
Consider a free je t  issuing in to  quiescent surroundings, 
entra in ing  f lu id  at i t s  p o te n tia l core boundary. I f  f in i t e  
l im its  are now introduced to those surroundings to such an 
extent tha t the je t  is  said to be confined - (!L/d < 2 0 ) - 
then tha t entrainment rate  w i l l  exceed the now reduced 
enclosure capacity. In such a s itu a tio n  re c irc u la tio n  is  
established, w ith  f lu id  being returned to the je t  from a 
th ird  zone in  the enclosure. For a flame - a je t  o f reactants 
th is  returned flow  is  comprised of combustion products.
In furnaces such as a ro ta ry  cement k i ln ,  the primary 
a ir  je t ,  being responsible fo r aerodynamic m ixing, has a 
. re la t iv e ly  high v e lo c ity . The secondary a ir  w i l l  therefore 
mix to some extent w ith  the rec ircu la ted  matter before being 
..entrained. The q u a lity  o f such an enclosed flame depends 
not only upon the type o f re c irc u la tio n  r in te rn a l or ex­
te rna l - but also upon the proportion generated. Karr and 
90Putnan‘ suggest tha t each p a rtic u la r  furnace has an optimum 
re c irc u la tio n , which when exceeding generates contrad ic to ry 
resu lts  due to the re tu rn  o f high temperature but d ilu te d  
gases to the burner nozzle.
I f  the p roportion  o f these fu e l and oxygen d e fic ie n t 
. recirculated_gases is  too high, then they have an adverse
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e ffe c t on the combustion reaction  ra te 7 , heat trans fe r 91 and
92soot generation, noise and lum inosity  . However, m optimum 
condition^ re c irc u la t io n  provides a source of heat from re tu rn ­
ing products o f combustion near to the burner, thereby aid ing
flame s ta b il iz a t io n  at much higher tu rbu len t in te n s it ie s  than
93is  possible w ith  a simple je t  . .These rec ircu la ted  hot 
products increase the reactant mixing rate to provide s u ff ic ie n t 
heat fo r the evaporation and ig n it io n  of hydrocarbons. Without 
such a mechanism the combustion time would be increased and the 
flame would become excessively long, w ith  re su ltin g  unburnt 
hydrocarbons, carbon and carbon monoxide being generated in  
the combustion chamber.
The n a tu ra lly  occurring phenomena of external re c irc u la tio n , 
associated w ith  confined je ts ,  and in te rn a l re c irc u la tio n  w ith  
co-axia l m u ltip le  arrangements, can be d e lib e ra te ly  induced 
by the in se rtio n  of a blockage in  the je t  stream.
A mechanical blockage is  re fe rred  to as a b lu f f  body and 
provides a boundary layer flow  in  which a combustion wave 
may propagate in  close p rox im ity  to a region o f continuously 
re c irc u la tin g  flow . Flames can therefore be s ta b iliz e d  over 
a wide range o f approach v e lo c it ie s  and mixture ra tio s  behind 
such bodies through the continua l supply o f heat and chemically 
active species to the boundary layer o f the je t  . Although 
i t  is  an e ffe c tiv e  s ta b il iz a t io n  method, the pos itio n in g  of 
the b lu f f  in  the combustion zone o f the flame makes i t  
susceptible to physica l damage from thermal stress and soot 
deposition.
However, a non-invasive s ta b iliz a t io n  system can be produced 
aerodynamically by applying a reasonable leve l o f s w ir l to.the
Fig. 2.43 Theoretical tangential velocity and static pressure distributions in vortex chamber
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je t  stream. In th is  case the low or reverse v e lo c it ie s  near 
the je t  axis are brought about by the large reduced pressure 
zone created a t the centre o f the emerging je t ,  balanced by 
the associated c e n tr ifu g a l forces of the s w ir lin g  flow. (F ig .2.43)
In th e ir  in ve s tig a tio n s , performed at the I . F .R .F .,C heda ille ,
5 5Leuckel and Chesters compared the e ffec ts  o f mechanically and 
aerodynamically induced blockage on the flame p ro file s  of an o i l  
burner. They found tha t the re c irc u la tio n  zone from high aero­
dynamically generated s w ir l swamped the e ffe c ts  from a b lu f f  
body - a phenomenon which led to the development o f a more 
e f f ic ie n t  system, w ith  m odifications having fu rth e r app lica tion  
to vortex combustor design.
Whether i t  is  produced by b lu f f  bodies or s w ir l - the la t te r  
requ iring  a higher je t  pressure - in te rn a l reverse flow  has three 
three main e ffe c ts  on tu rbu len t d iffu s io n  flame. (F ig .2.44).
( i)  The back f lu x  of gases, which have higher temperatures than 
those rec ircu la ted  e x te rn a lly , help to s ta b iliz e  flame ig n it io n ;
( i i )  The in te rn a l re c irc u la t io n  accelerates the mixing of fue l 
and a ir  in  the f i r s t  p a rt o f the je t ;
( i i i )  The in te rn a l reverse flow  increases th e .residence time 
of combustion matter fo r a given distance. (Figure 2.45 ) .
This la s t aspect is  o f l i t t l e  importance fo r  gas or o i l  
flames, but is  o f p a r t ic u la r  in te re s t to the combustion o f p . f .
In the s w ir l burner, the increased tangentia l component causes 
the primary je t  to be s p l i t  and deflected ra d ia lly  a t .the 
in je c tio n  e x it .  As the amount o f sw irl increases, the ax ia l 
momentum increases and the je t  penetrates the re c irc u la tio n  
zone. A l l  o f these e ffe c ts  re s u lt in  a shortening o f the 
distance required fo r complete combustion by increasing the 
speed and in tim ate  mixing o f the reactants.
Stabilization of pressure jet oil flame by internal recircula^ tion zone in swirling annular jet.
Figure 2.44 Comparison of blockage e ffec ts
Premtxed gas & air
W S R  1. A  wel l - s t i rred r eg i on  in the  she a r  l ayer  b e t w e e n  
t he  f o r w a r d  a nd  reverse  f lows.  It is p a r t i cu l a r l y  i m ­
p o r t a n t  at  high swirl  levels.
W S R  2.  T h i s  a n n u l a r  r eg i on  is l oc a t ed  at  the  s t a g n a t i o n  
p oin t  o f  the  f o r w a r d  swi rl ing  j e t .  T h e r e  is a rapid 
d e c a y  o f  t ang en t i a l  v e l o c i ty  a ss oc i a t ed  wi th  this  
reg i on .  It c o n t a i n s  high levels o f  ve loc i ty  f l u c t ua t io n s  
( p a r t i c u l a r l y  r adia l )  a n d  m o d e r a t e  to  high levels  o f  
t u r b u l e n c e  ( 5 0 - 1 0 0 " , . ) •
W S R  3. T h i s  is l oc a te d  o n  t he  a x i s  a r o u n d  t he  d o w n ­
s t r e a m  s t a g n a t i o n  p o in t  o f  t he  rfz.  It is a n  a r e a  o f  
hi gh  ax i a l  d i r e c t i o n a l  i ns tab i l i t y  ( 9 0 ” ;, >  y  >  1 0 % )  
a s  wel l  as  l ow m e a n  v e lo c i t i es  ( p a r t i c u l a r l y  a x i al ) .  
T h e s e  result  in very h i gh  loca l  levels o f  t u r b u l e n c e  
i n t ens i ty  ( >  100" , , ) .
P L F  I.  T h i s  plug flow- r e g io n  r ep r e s e n ts  t he  s t a bl e  
c e n t r a l  reg i on  o f  the  rfz ( y  >  9 0 % ) .  It is a  r e g io n  o f  
l ow v e l oc i ty  l l u c l u a t i o n s  a n d  t ur b ul e nc e .
PI  F  2.  T h i s  r ep r e s e nts  t he  e x h a u s t  reg i on  d o w n s t r e a m  
o f  the  rfz.
Figure 2.45 Flow regions established downstream of baffle
RADIAL DISTANCE .cm
Figure 2 47 ,F3ow regions w ith in  
a sw irl combustor, i 1 lu s t ra t in g 
the changing ro le  o f WSR and 
PLF regions w ith sw irl
0.63 0.90 1.26 1.56 1.98 3.04
WSR I SmallNo reactions SmallNo reactions SmallSome recirculation of hot active species
Increasing recirculation of hot active Centre of reaction--------------- — source of ignitionspecies
WSR 2 SmallNo reactions Increased size contains some reactions
Contains majority of reaction Increased quenching by WSR 3—contains less reaction
WSR 3 Small ignition source Contains majority of reaction Contains some reaction Increases in size but recirculates low-temperature gases
PLF 1 Small unstable reverse flow of exhaust gases
Increasing size and stability Increasing size, subject to quenching but contains some activ
Contains hot exhaust gases species
PLF 2 Majority of reactions occur in this region
Little reactions occur in this region, hot exhaust gases cooling and being diluted by entrainment
PLF 3 Isothermal source Isothermal source of reactants Increased diffusing into WSR I of reactants----------------------------- -
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The enhanced re c irc u la tio n  increases the oxygen content at 
each po in t o f the flame, thereby accelerating the combustion 
process and s h if t in g  the po in t of s to ich iom etric  mixture 
closer to the burner nozzle, re su ltin g  in  a shorter flame.
Several investiga tions on o i l  and gas burners suggest a 
possible shortening of the associated flames in  the order 
o f 50-60% through the in troduc tion  o f s w ir l.  Manheimer-Timnat 
et a l 94 found th a t, fo r a natu ra l gas flame in  a c y lin d r ic a l 
chamber, in troducing a tangentia l component, reduced the flame 
s ta b iliz a t io n  ra te  by about one th ird  and increased the gas 
temperature by 100°C.
These find ings are q u a lif ie d  by the requirement tha t the 
confin ing boundaries do not in te r fe re  w ith  the je t  spread.
The e ffe c t o f confinement on free sw irlin g  je ts  is  complex 
because o f two main e ffe c ts :
( i)  The very high rates o f entrainment o ften  cause the je t  
to s tic k  to the w a ll. This is  due to the i n i t i a l  part o f 
the j e t .en tra in ing  and sucking back f lu id  from e a r lie r  
downstream, hence causing attachment and another region of 
re c irc u la tio n .
( i i )  At high s w ir l numbers, the decay o f s w ir l v e lo c ity  is  
usua lly  uneven across the enclosure, creating  strong zones 
of high a x ia l pressure gradient. In such a s itu a tio n , the 
sw irl burner patterns e xh ib it ch a ra c te ris tics  analogous to 
those w ith in  vortex combustors95 .
One important consequence o f s w ir l is  th a t the flame is  
completed before the e ffec ts  o f buoyancy have had any 
considerable in fluence. With the non-sw irled flame, buoyancy
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increases the momentum o f the gas in  the region where 
combustion is  not complete, thereby reducing i t s  length.
The fundamental parameter which contro ls the character­
is t ic s  o f the s w ir l burner, and the analogous vortex chamber 
output, is  the dimensionless sw irl number, S, given by the 
r a t io :
Input Angular Momentum
Output Angular Momentum
where the input momentum is
G (f) =
R
(Wr) pV 2tt r  dr (2.98)
o
and the output momentum is
■R rR
G = U p U 2 tt r  dr +
x o
Thus
C - 2 G <f>
P . 2 i r  dr (2. <5§)
o
(2.106)
Jx ue
where is  e x it  th roa t diameter
U is  the a x ia l v e lo c ity
and W(r) is  the tangentia l ve lo c ity .
This can be s im p lif ie d  as: 
tt D Dr. e o r _ _S = ------  (2 10 1)
4 At
where Aj is  the tangentia l in le t  area
and Dq is  the diameter o f the main section o f a sw irl
burner or a cyclone combustor.
The le ve l o f s w ir l can also be characterized for/combustor 
chambers by the re la tio n sh ip : <• -
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S
t t  D Tangential Flow Rate 1 966 O (2.102)
4 AT Total Flow Rate
For s w ir l type burners, the value o f S ranges from about 
2 - 1 1 , while fo r vortex combustors, based on cyclone gas 
cleaning p r in c ip le s , higher values in  the range of 8 - 2 0  are 
maintained.
The aerodynamics exhib ited by the flame o f a s w ir l burner 
and the e x it gases o f a combustor consist o f two regions:
( i)  The periphera l or free zone region in  which the tangentia l 
v e lo c ity  across the output p ro f i le  drops w ith  increasing 
torque radius according to the law o f p o te n tia l rad ia tio n
(Wr = constan t).
( i i )  The core region, where the law o f v a ria tio n  o f the 
tangentia l v e lo c ity  w ith in  the je t  cross-section is  given 
by W = (constant) r .  (Figure 2.43)
Over the e n tire  output, these two re la tio n s  are combined 
in  the form:
Wr11 = constant, where -1 < n < 1. 1+9
The c h a ra c te ris tic  semi-conical shape o f the sw irled je t
is  produced by a depression region on the ax is , downstream
of the nozzle. This region is  re fe rred  to as the Central
97R ecircu la tion  Zone (CRZ) . Before such a zone is  established, 
an increase in  s w ir l spreads the je t  angle no.more ra p id ly  
than in  free burner je ts .  However, once established, the in ­
creasing size o f the CRZ w ith  s w ir l shortens the flame 
tra n s it io n  zone and widens the je t  angle. For vane type
sw ir l generators, Beltagui and MacCallum concluded that 
th is  increase occurs u n t i l  a l im it in g  S value is  reached, 
a fte r  which the CRZ size is  independent o f the amount of 
sw irl produced by a change in  vane angle.
In modelling such burners, fo llow ing  the appropriate 
sca ling , the vane angle is  adjusted such th a t:
/  99Tan 6 model _ /  p prototype (2J03)
Tan 0 prototype p model
The so lid  spray angle o f sw irl burners increases w ith 
nozzle diameter and in je c tio n  pressure. However, fo r a 
given diameter, th is  angle w i l l  remain constant fo r changes 
in  in je c tio n  v e lo c it ie s 49.
For l iq u id  fu e ls , sw ir l can also be generated through 
the use o f mechanical pressure in je c to rs , which perform 
the atom ization required w ith  superior ch a ra c te r is tic s .
98
Figure 2 .48 :Mechanical in je c to r 
w ith sw irl chamber and re c irc u la t io n 49
The spray angle of such a device is defined as:
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such tha t b = (2.105)
ij> = 1  - ( r a/ r e ) 2 (2.106)
where r  is  the radius o f the a ir  content; anda
r is  the radius o f the nozzle e
and K = f f - h  (2.107)
2 rt 2
The flame length is  changed through v a ria tio n  o f ad jus t­
ment ra t io ,  and hence spray angle.
A s w ir lin g  free je t  w ith  a c irc u la r  cross-section has an 
ax ia l v e lo c ity  decay given by
where b is the adjustment ratio of q-^
um 12.64 r Q 0 < 7 9  B { 2r0
uo x r 0 x
100
(2.108)
where r  is  the in je c to r  radius o J
u is  the v e lo c ity  at the nozzle o J
x is  the a x ia l distance from the nozzle 
and B is  a constant having dimensions o f length and 
is  dependent on the s w ir l number
S im ila r ly , the tangen tia l v e lo c ity  p ro f i le  is  given by
2 -rJ  = 6965 (1 + A) ~ |
o
where A *= 53 ( r /x )
2 r o
I x
2
(2109)
From Equations (2.108) and (2.109) i t  is  evident tha t 
the tangen tia l v e lo c ity , being, p roportiona l to x~2, decays 
much fa s te r than the a x ia l component.
As the distance from the nozzle increases, the velocity
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p ro file s  o f sw irled  f lu id  je ts  begin to bahave lik e  those of 
conventional je ts ,  but a t a wider angle.
Two fu rth e r decay p ro file s  fo r  such je ts  are given by 
Kerr and Eraser101 as:
Umo tan
Um tan 4o
K2= 1 + —  s
I C
(2.1 1 0 )
where the subscrip t Mo" denotes the q u a lit ie s  o f the now 
sw irled je t ,  and K^/K^ = 5.68;
and the C hig ier and Chervinsky102 expression:
£m
U0 )
6.3
swirl 1 + 5.25 x + 7d
(2.1 1 1 )
where d is  the flame w idth e
A s im ila r  comparison by M aier103, for gaseous fu e ls , gives 
a q u a n tita tive  flame length fo r sw ir lin g  flames as tha t equal 
to H o tte l’ s 104 non-sw irling  flow , less a dimensionless quan­
t i t y ,  which, as expected, is  p roportiona l to the degree of 
s w ir l .
swirl
—  1 doJ - B.S. (2.1 1 2 )
no swirl
or
f L 1 _ 5.31 - _a'
. d0 , swirl V • 9 S'
- 20.855
where C 1 is  the mass concentration of the fue l in the 
sto ich iom etric  m ixture and ps , are the densities o f
that mixture and the surrounding medium respective ly .
I t  is  evident tha t the short, re c irc u la to ry , high
in te n s ity  flames or je ts  associated w ith  coal burning
vortex combustors and s w ir l burner find  idea l app lica tion
to the Lepol Grate ca lc in e r section. The desired flow regime
fo r a sample combustor is  i l lu s tra te d  in Fig. 2.49from the
9 7water model studies o f Najim , Styles and Syred .
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Figure 2.49: Schematic representation o f aerodynamics
~ 9 7
of a cyclone combustor derived from water model re su lts .
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CHAPTER 3 
THEORETICAL CONSIDERATIONS
3.1 Isothermal Scale Modelling
Increasing experience in  the use of isothermal scale 
modelling has helped to transform the study o f combustion 
from an a rt in to  a science - the technique having evolved 
from 'tro u b le -sh o o tin g ’ o rig in s  in to  a serious and con­
sidered to o l in  ass is ting  design.
Because o f the overwhelming importance o f phenomena 
such as tu rbu len t je t  mixing in  the combustion reaction , 
i t  is  possible to make such s im p lif ic a tio n s  as are necessary 
in  the model in  order to maintain i t s  v a lid ity .  To ju s t i f y  
such a representation o f a rea l system i t  must be assumed 
th a t:
( i)  Any chemical reactions occurring in  the prototype a ffe c t 
the aerodynamic mixing o f the reactants and products through 
th e ir  e ffe c ts  on temperature and density.
( i i )  In the region where s to ich iom e tric  mixing occurs, the 
temperature and density remain constant across a l l  parts of 
the je t  w ith  appreciable v e lo c ity , and nearly constant along 
i ts  length.
The success of the modelling appraoch depends to a 
large extent on ensuring th a t s im ila r ity  is  maintained 
between the prototype and i t s  re p lica . However, th is  s itu a tio n
would be impossible to  a tta in  due to the re s tr ic t io n s
26placed by the number o f requirements. Spalding l is t s  some
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1 2 0  s im ila r ity  c r i te r ia  tha t must be s a tis f ie d  fo r complete 
s im ila r ity ,  many of them m utually exclusive.
Therefore, the a rt o f p a r t ia l modelling is  the in tu it iv e  
a b i l i t y  to discern which o f the modelling ru les need be 
obeyed and which o f them can be relaxed, while s t i l l  main­
ta in in g  the model’ s v a lid ity .
3.1.1 S im ila r ity  C r ite r ia
For a model to represent i t s  parent, i t  is  not a s u f f i ­
c ien t cond ition  tha t only geometric s im ila r ity  be maintained. 
A usefu l approach to in i t ia te  modelling techniques using
10  5dimensional analysis is  proposed by Winter , where the 
parameters are in te rpo la ted  as:
P (p, w, v, f ,  g, u, R, S) = 0 (3.1)
However, i t  is  not possible to u t i l iz e  a l l  the parameters 
as there are not seven degrees o f freedom in  the model.
We can, using the m atrix manipulations involved in  a
dimensionless analysis o f Buckingham’ s it theorem106 arrange 
the above terms in  a series o f re la tio n s . I f  there are a 
given R qua n titie s  Q^, Q2 ••• Qn and a re la t io n  between 
them, then there ex is ts  exactly  R-r dimensionless it
terms, w ith  r  < m < n being the rank o f the dimensional 
m atrix . Therefore the function
£ClTi, ir2 . . . Trn_r ) = 0  (3.2)
solves the problem. These relations are:
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Force of In e r t ia F.l = V 2/ I (3.3)
Force of Pressure FP - p/pl (3.4)
Force of F r ic tio n Fr = v v / 1 2 (3.5)
Force of Gravity Fg s g (3.6)
Force of C ap illa ry Fc - o /p l2 (3.7)
Considering various ir terms, these re la tio n s  can be arranged 
as dimensionless parameters.
1 .
F.l v l
Ff V
F. ‘2X _ V
¥~g " g l
fp P
F. _ 2l 1>CL
Fr Pv 21
Fi a
3 . -   = £u, the Euler Numberr • .1 Pv 
E  l4. = -------  = We, the Weber Number
 
For geometric s im ila r ity ,  R, S are kept constant, while 
fo r dynamic s im ila r ity  the dimensionless ra tio s  above remain 
constant.
In a s l ig h t ly  d if fe re n t approach, Douglas, Gasiorek and 
S w affie ld 107 compare the forces which act on corresponding 
masses in  the model and the prototype, such th a t:
(ma)p Fp
  = — (3.8)
(ma)m Fm
For g ra v ita tio n a l forces, 
m « p i 
a « v / t
(3.9)Thus, . V _ V• gb . m • gb j
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But as m f k ] f Le 1
vm 1 I vp >
V 2 ■ v i  '
‘ g l  . m - g l  • p
which is  the e qu a lity  o f Froude numbers 
For viscous fo rces, Fv a p v l,
Oa) m (Fv)m
Oa) CFV)
Thus
f p ] f £ 1
I f  J 4* p l3V '
( y v l ) m
m
s im p lif ie d  to
r P i2 f P l 2  1
y t m I y t
or
f pv^ 1 ' p v l  *
y Jm . y J
which is  the e q u a lity  o f Reynolds numbers
(3.10)
(3.11)
(3.12)
The Reynolds number, Re, was suggested by Sommerfield 
in  recogn ition  o f the investigator!s work on the hydrodynamic 
properties and s ta b i l i t y  in  je ts  changing from laminar to tu r ­
bulent flow .
Another important quantity  was introduced by Moritz Weber
as the Froude Number 
Fr = v2/g l
108
(3.13)
In 1869 Froude had been the f i r s t  to determine the drag 
on ships by means o f s im ila r ity  laws, w ith  h is investiga tions
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t o  l a t e r  b e c o m e  o f  b a s i c  i m p o r t a n c e  t o  s h i p b u i l d i n g .  T h e  
r e l a t i o n  i s  i m p o r t a n t  f o r  a l l  f l o w s  i n f l u e n c e d  b y  g r a v i t y .
F r o m  t h e  e q u a t i o n s  o f  R e  a n d  F r  w e  c a n  r e c o g n i z e  t h a t  
d i f f i c u l t i e s  a p p e a r  -  t w o  s i m i l a r i t y  l a w s  m u s t  b e  s a t i s f i e d  
s i m u l t a n e o u s l y .  I f  t w o  f i e l d s ,  p r o t o t y p e  a n d  m o d e l ,  a r e  
c o n s i d e r e d  i n  w h i c h  t h e  r e s p e c t i v e  R e y n o l d s  a n d  F r a m d e  n u m ­
b e r s  h a v e  t h e  s a m e  v a l u e s ,  t h e r e  f o l l o w s :
v  5Re F r  -  —  =  c o n s t a n t ,  
gv
I f  t h e  k i n e m a t i c  v i s c o s i t i e s  v  a r e  a l s o  e q u a l  i n  b o t h ,  w i t h
g  c o n s t a n t ,  t h e n  v  m u s t  b e  c o n s t a n t  a s  a  c o n d i t i o n  o f
s i m i l a r i t y .  T h i s  s i t u a t i o n  c a n  b e  a v o i d e d  b y  t a k i n g  a
d i f f e r e n t  v i s c o s i t y  f o r  e a c h  f i e l d ,  t h a t  i s  c o l d  w a t e r  o r
108
a i r  t o  s i m u l a t e  h o t  c o m b u s t i o n  g a s e s
3 . 1 . 2  R e l e v a n t  C r i t e r i a
( i )  G e o m e t r i c  s i m i l a r i t y
G e o m e t r i c  s i m i l a r i t y  i s  t h e  s i m p l e s t  o f  t h e  m o d e l  l a w s  
a n d  i s  m a i n t a i n e d  b y  d i r e c t l y  s c a l i n g  t h e  l i n e a r  m e a s u r e m e n t s  
o f  t h e  p r o t o t y p e  t o  a  f i x e d  r a t i o ,  i . e .  1  :  2 4 .
W h e n  n o n - i s o t h e r m a l  r e a c t a n t  j e t s  a r e  m o d e l l e d ,  i t  i s  
n e c e s s a r y  t o  d i s t o r t  t h e i r  l i n e a r  d i m e n s i o n s  i n  o r d e r  t o  
m a i n t a i n  e q u a l  v e l o c i t y  a n d  m a s s  f l o w  r a t i o s  i n  b o t h  s y s t e m s
Therefore:
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pflame \
( d J
^ p r o t o t y p e  -
(2.52)
o r
2 7
n o z z l e  a r e a  o f  c o l d  m o d e l  _  D e n s i t y  o f  i n i t i a l  j e t  f l u i d
( i i )  K i n e m a t i c  s i m i l a r i t y
K i n e m a t i c  s i m i l a r i t y  i n  t h e  m o d e l  i m p l i e s  t h a t  f l u i d  o r  
s o l i d  p a r t i c l e s  f o l l o w  g e o m e t r i c a l l y  s i m i l a r  p a r t s  i n  c o r r e s ­
p o n d i n g  i n t e r v a l s  o f  t i m e ;  t h a t  i s ,  t h e  v e l o c i t y  s t r e a m l i n e
t a i n e d  t h r o u g h o u t  t h e  m o d e l .  T h e  v e l o c i t y  d i s t r i b u t i o n  i n  
t h e  c a l c i n e r  s e c t i o n  u n d e r  i n v e s t i g a t i o n  i s  c o n t r o l l e d  b y  t h e  
m o m e n t u m  o f  f l u i d  l e a v i n g  t h e  k i l n  t u b e  a n d  t h e  a u x l i a r y  b u r n e r  
n o z z l e s .  H o w e v e r ,  t h e s e  m e a s u r e m e n t s  f o r  a  r e a l  p r e h e a t e r ,  
w i t h  o r  w i t h o u t  a u x i l i a r y  f i r i n g ,  d o  n o t  e x i s t ,  a n d  h e n c e  
k i n e m a t i c  s i m i l a r i t y  c o u l d  n o t  b e  m a i n t a i n e d .
( i i i )  D y n a m i c  s i m i l a r i t y
D y n a m i c  s i m i l a r i t y  r e q u i r e s  t h a t  t h e  f o r c e  r a t i o s  
c a u s i n g  t h e  a c c e l e r a t i o n  o f  m a s s e s ,  i n  t h e  m o d e l  a n d  p r o t o t y p e  
a r e  m a i n t a i n e d .  T h e  R e y n o l d s  n u m b e r  i s  t h e  p a r a m e t e r  u s e d  
t o  m a i n t a i n  d y n a m i c  s i m i l a r i t y ,  a n d  i s  e x p r e s s e d  a s  t h e  r a t i o  
o f  i n t e r t i a l f o r c e : f r i c t i o n  f o r c e ,
R e  =  v 2 / !  x  I 2 /  v v  =  v l / v  
o r  R e  =  p Y l / y
w h e r e  v  i s  v e l o c i t y ,  1  i s  t h e  c h a r a c t e r i s t i c  l e n g t h ,  v  t h e  
k i n e m a t i c  v i s c o s i t y ,  y  t h e  d y n a m i c  v i s c o s i t y , a n d  p  t h e  
d e n s i t y .
n o z z l e  a r e a  o f  p r o t o t y p e D e n s i t y  o f  b u r n i n g  g a s
p a t t e r n s  o r  r a t i o s  a t  e a c h  p o s i t i o n  i n  t h e  f u r n a c e  a r e  m a i n -
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I n  t h e  c a s e  o f  a  j e t  o r  p i p e  f l o w ,  t h e  l e n g t h  t e r m  i s  
t h e  d i a m e t e r ,  t h u s  f o r  s i m i l a r i t y ,
( P d  v  } r p  d  v  x
H m  m _ P  P
v  J m o d e l I  v J p r o t o t y p e
T h u s
( 3 . 1 4 )
m  ~ m  ~ m
I f  t h e  v i s c o s i t y  o f  h o t  f u r n a c e  g a s e s  i s  1 2 0  t i m e s  t h a t  o f  
c o l d  w a t e r ,  t h e n  i n  a  1  :  1 2 t h  s c a l e  w a t e r  m o d e l ,  
v
v  =   £m 10
i n  o r d e r  t o  m a i n t a i n  d y n a m i c  s t a b i l i t y ,  w h e r e a s  f o r  t h e  s a m e  s c a l e
a i r  m o d e l  w i t h  a  v i s c o s i t y  o f  o n l y  l / 1 2 t h  o f  t h e  p r o t o t y p e ,
v  =  v  . m o
( i v )  T h e r m a l  s i m i l a r i t y
W h e n  n o n - i s o t h e r m a l  - j e t s  i n  t h e  p r o t o t y p e  a r e  t o  b e  
s i m u l a t e d  w i t h  i s o t h e r m a l  f l o w  i n  a  m o d e l ,  t h e  g e o m e t r i c  
s i m i l a r i t y  m a y  h a v e  t o  b e  a b a n d o n e d . . I n  o r d e r  t o  m a i n t a i n  
c o r r e c t  m a s s  a n d  v e l o c i t y  r a t i o s ,  t h e  n o z z l e  d i a m e t e r  o f  
t h e / j e t , c a n  b e  d i s t o r t e d  s u c h  t h a t :
P,
=  r
o 
I P f
( 2 . 5 2 )
I n  m o d e l l i n g  s i n g l e  a x i a l  e n c l o s i n g  b u r n i n g  j e t ,  s i m i l a r i t y  
c a n  b e  e x p r e s s e d  b y  t h e  d i m e n s i o n l e s s  e q u a t i o n :
r m0 L Jo pf ,7F‘ T1
• . in . +m. a o > r1 o «model • ma + mo 1.
( 2 . 5 3 )
i o t  s y s t e m
However, the relationship tends to break down when rQ > 0.05.
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T h e  m o s t  c o m m o n l y  u s e d  p a r a m e t e r  f o r  t h e  c h a r a c t e r ­
i s a t i o n  o f  s w i r l i n g  f l o w  i s  t h e  s w i r l  n u m b e r  d e f i n e d  a s :
S =  2  G  ^  , ( A n g u l a r  M o m e n t u m )  (2JL00)
D  • G x  ( L i n e a r  M o m e n t u m )
A s  i t  i s  n o t  a l w a y s  p o s s i b l e  t o  c a l c u l a t e  t h e  s w i r l  f r o m  
m e a s u r e d  v a l u e s  o f  v e l o c i t y  a n d  s t a t i c  p r e s s u r e  p r o f i l e s  
t h e  s w i r l  n u m b e r  m a y  b e  s a t i s f a c t o r i l y  c a l c u l a t e d  f r o m  t h e  
s w i r l  g e o m e t r y ,  b o t h  o n  i n p u t  a n d  e x i t  p a r a m e t e r s :  
ir D  D
S  -   — -  ( 2  J . 0 1 )
4  A t
T o  a l l o w  f o r  c o m b u s t i o n ,  t h e  i s o t h e r m a l  s w i r l  n u m b e r  
i s  c o r r e c t e d  s u c h  t h a t :
GkS' -
(v) Swirl similarity
G  R  
x  c
w h e r e  =  R
c
p • 
I S O
^ c o m b u s t i o n
Thus ,
S  S  p i n l e t  9 8  ,  .
i s o t h e r m a l  c o m b u s t i o n  p  . ( 3 - 1 5 )
^ o u t l e t
3 . 1 . 3  / S a t i s f y i n g  C r i t e r i a
T h e  R e y n o l d s  n u m b e r  f o r  t h e  c a l c i n e r  c h a m b e r  g r a t e  
a r e a  c a n  b e  c a l c u l a t e d  u s i n g  . t h e  h y d r a u l i c  m e a n  d i a m e t e r :
=  4  x  c r o s s - s e c t i o n a l  a r e a / w e t t e d  p e r i m e t e r ,
a s  t h e  c h a r a c t e r i s t i c  l e n g t h  t e r m .  W h e n  t h e  R e  b e c o m e s  
s u f f i c i e n t l y  l a r g e ,  g r e a t e r  t h a n  4 0 0 0 ,  w i t h i n  d u c t e d  f l o w
3-9
s y s t e m s  w i t h  f o r c e d  c o n v e c t i o n ,  t h e  t r a n s f e r  p r o c e s s  o f  
m o m e n t u m ,  h e a t  a n d  m a s s  a r e  a l l  c o n t r o l l e d  b y  t u r b u l e n t  
f o r c e s ,  w i t h  t h e  m o l e c u l a r  t r a n s p o r t  p r o c e s s e s  b e i n g  
n e g l e c t e d .  A t  t h i s  s t a g e ,  a l l  f l o w  p a t t e r n s ,  m i x i n g  a n d
d y n a m i c  p r e s s u r e  l o s s e s  a r e  e s s e n t i a l l y  i n d e p e n d e n t  o f
23 2b 109
t h e  t u r b u l e n t  R e  ’  5 a n d  p r o v i d e d  t h i s  v a l u e  r e m a i n s  w e l l
i n t o  t h e  t u r b u l e n t  r e g i o n  i t  c a n  b e  c o n s i d e r a b l y  l e s s  t h a n  i n
t h e  p r o t o t y p e  w i t h o u t  s e r i o u s l y  a f f e c t i n g  t h e  m o d e l ' s  
i n
v a l i d i t y  .  I n  A n s o n ' s 6 b o i l e r  r e m o d e l l i n g  w o r k ,  h e  
s u g g e s t s  a  r e d u c t i o n  i n  t h e  o r d e r  o f  S O X  i s  p o s s i b l e ,  
p r o v i d e d  f l o w  i s  s t i l l  t u r b u l e n t .
B y  m a i n t a i n i n g  t u r b u l e n t  R e  v a l u e s ,  t h e r e  i s  n o  n e e d  
t o  k e e p  P r a n d t l  a n d  S c h m i d t  n u m b e r s  i n  m o d e l  a n d  p r o t o t y p e  
t h e  s a m e  24 ,  w h e r e
w h e r e  k  i s  t h e  t h e r m a l  c o n d u c t i v i t y ,  C  i s  t h e  s p e c i f i c  
h e a t ,  a n d  j )  t h e  d i f f u s i v i t y .
I f  t h e  r a t i o  o f  i n e r t i a l  t o  g r a v i t a t i o n a l  f o r c e s  i s  
h i g h ,  t h e  e f f e c t s  o f  b u o y a n c y  o r  g r a v i t y  a r e  n e g l i g i b l e  
a n d  t h e r e  i s  n o  n e e d  t o  m a i n t a i n  e q u a l  F r o u d e  n u m b e r s  i n  
m o d e l  a n d  p r o t o t y p e .
P r
k  j f l u i d
a n d
Fr = v 2/gl (3.13)
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T h e  F r o u d e  n u m b e r  i s  h i g h  f o r  s u c h  f l o w s  a s  o c c u r  i n  a s s o ­
c i a t i o n  w i t h  t h e  c a l c i n e r  a n d  c e m e n t  k i l n ;  h o w e v e r , i n  t h e  c a s e  o f  
c e r t a i n  t y p e s  o f  l a r g e  d i m e n s i o n  i n d u s t r i a l  f u r n a c e s  w i t h  
l o w  v e l o c i t y  b u r n e r s  a n d  a i r  s t r e a m s ,  F r o u d e  n u m b e r s  a r e  
l o w  a n d  t h e  e f f e c t s  o f  g r a v i t y  a n d  b u o y a n c y  c a n n o t  b e  
n e g l e c t e d .
I n  t h i s  r e s e a r c h ,  t h e  e f f e c t  o f  b u o y a n c y  o n  a n  e n c l o s e d  
t u r b u l e n t  f l a m e  i s  n e g l i g i b l e  d u e  t o  t h e  h i g h  i n e r t i a l  f o r c e s .  
O n l y  w h e n  t h e  e x c e s s  j e t  v e l o c i t y  r a t i o  f a l l s  b e l o w  1 0  d o e s  
b u o y a n c y  h a v e  a n  i n f l u e n c e 19 .
3 . 1 . 4  O p e r a t i o n a l  R e q u i r e m e n t s
T h e  L e p o l  g r a t e  c a l c i n e r  s e c t i o n  w a s  m o d i f i e d  t o  a c c e p t  
a  v a r i e t y  o f  a u x i l i a r y  f i r i n g  b u r n e r  c o n f i g u r a t i o n s .  T h e  
i n t r o d u c t i o n  o f  s u c h  a  s y s t e m  g e n e r a t e d  i t s  o w n  p a r t i c u l a r  
o p e r a t i o n a l  a n d . s i m i l a r i t y  r e q u i r e m e n t s  w h i c h  n e e d e d  t o  
b e  s a t i s f i e d .
( i )  B u r n e r  o u t p u t
H e a t  t r a n s f e r  t o  t h e  L e p o l  b e d  i s  l i m i t e d  b y  t h e  h e a t  
a b s o r p t i o n  c a p a c i t y  o f  t h e  n o d u l e s  o n  t h e  g r a t e .  I t  i s  
t h e r e f o r e  p o i n t l e s s  m a i n t a i n i n g  m o r e  t h a n  a  m a x i m u m  o f  3 0 %  
o f  t h e  t o t a l  h e a t  c o n s u m p t i o n  t h r o u g h  t h e  a u x i l i a r y  b u r n e r .
T h e  s e c o n d  o p e r a t i o n a l  r e q u i r e m e n t  w a s  t h a t  t h e  a u x i l i a r y  
f i r i n g  c o u l d  d e l i v e r  3 0 %  b y  v o l u m e  o f  k i l n  o u t p u t  t o  t h e  
c a l c i n e r  s e c t i o n .
( i i )  N o z z l e  v e l o c i t y
In order to satisfy similarity, the nozzle dimensions
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a n d  f l u i d  f l o w  r a t e  w e r e  c o n t r o l l e d  s u c h  t h a t  R e  w a s  k e p t  
w e l l  i n t o  a b o v e  t h e  t u r b u l e n t  l i m i t  o f  1 0 4 ,  w i t h  t h e  d i a ­
m e t e r s  s i m u l a t i n g  p r o t o t y p e  v a l u e s  o f  b e t w e e n . 2 0 m  a n d  8 0 m .
T h e  v e l o c i t y  r a t i o  o f  a u x i l i a r y  n o z z l e  f l u i d  t o  e x ­
k i l n  f l u i d  w a s  k e p t  a b o v e  1 0  i n  o r d e r  t o  r e d u c e  t h e  e f f e c t  
o f  b u o y a n c y  w i t h i n  t h e  c h a m b e r .  T o  e n s u r e  r e c i r c u l a t i o n ,  
a n d  t h e r e f o r e  m a i n t a i n  f l a m e  s t a b i l i t y ,  t h e  C r a y a - C u r t e t  
p a r a m e t e r 28
2
m  =  - 3 / 2  R 2 +  R  +
k  R
( V L ) 2
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w a s  k e p t  a b o v e  1 . 4 5  o r  0 . 8 3  i f  t h e  C u r t e t  n u m b e r
C t  =
w h e r e  C t  =  —
—  m r u —r
_ s S
m u  -  u
—  o ^ o  s —
* ( 3 . 1 6 )
. m
w a s  u s e d . - 1 10
3 . 2  V o r t e x  B u r n e r  T h e o r y
3 . 2 . 1  T h e  V o r t e x  C o m b u s t o r
T h e  p r i n c i p l e s  o f  m a n a g e m e n t  o f  c y c l o n e  f u r n a c e  o p e r ­
a t i o n  p r e s e n t  a  r a t i o n a l  m e t h o d  o f  i n t e n s i f y i n g  f u e l  c o m ­
b u s t i o n ,  w h i l e  i t s  i n d u s t r i a l  a p p l i c a t i o n  i s  j u s t i f i e d  d u e  
t o  t h e  w i d e  r a n g e  o f  f u e l s  t h a t  i t  c a n  c o n s u m e  c l e a n l y .  
C o m b u s t o r s  h a v e  b e e n  * i n  r e g u l a r  u s e  i n  m a n y  p a r t s  o f  
t h e  w o r l d  f o r  a  n u m b e r  o f  y e a r s ,  w i t h  i n t e r e s t  b e i n g  s h o w n  
i n  t h e  r e f u s e  i n d u s t r y  a n d  s t e a m  r a i s i n g .
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W h e n  a  s o u r c e  o f  a i r  i s  i n j e c t e d  t a n g e n t i a l l y  a l o n g  
t h e  p e r i p h e r y  o f  a n  o p e n  c y l i n d e r ,  i t  c r e a t e s  a  f r i c t i o n -  
l e s s  p o t e n t i a l  f i e l d ,  w h i c h ,  i n c r e a s i n g  w i t h  r e d u c t i o n  
i n  r a d i u s ,  w o u l d  e v e n t u a l l y  l e a d  t o  a n  i n f i n i t e  v e l o c i t y  
a t  t h e  c y l i n d e r  a x i s .  H o w e v e r ,  s u c h  a  s i t u a t i o n  i s  p r e ­
v e n t e d  b y  a  b u i l d - u p  o f  f r i c t i o n a l  f o r c e s  a r o u n d  t h e  
r o t a t i o n a l  f i e l d  a s  a  r e a c t i o n  t o  t h e  s o u r c e .
T h e  v e l o c i t y  o f  t h i s  b u i l d - u p  i n c r e a s e s  w i t h  i n c r e a s i n g  
r a d i u s  f r o m  t h e  a x i s  i n  d i r e c t  o p p o s i t i o n  t o  t h e  t a n g e n t i a l  
v e l o c i t y ,  u p  t o  a  p o i n t  w h e r e  t h e y  b o t h  n e u t r a l i z e .  I t  i s  
a t  t h i s  p o s i t i o n  t h a t  a  v e r y  a c t i v e  a n d  t u r b u l e n t  b o u n d a r y  
l a y e r  i s  r e a l i z e d ,  i n  w h i c h  e x t r e m e l y  i n t e n s e  c o m b u s t i o n  
c a n  b e  m a i n t a i n e d .
H i g h  t w i s t i n g  f o r c e s  t h a t  a c t  i n  t h i s  l a y e r  c r e a t e  a  
t o r s i o n a l  f i e l d  a r o u n d  a n y  i n j e c t e d  f u e l  p a r t i c l e ,  e n h a n c i n g  
t h e  r e m o v a l  o f  c o m b u s t i o n  p r o d u c t s  a s  w e l l  a s  i n t r o d u c i n g  
f r e s h  o x y g e n .
I f  a n  a n n u l a r  r e s t r i c t i o n  i s  n o w  a t t a c h e d  t o  o n e  e n d  
o f  t h e  c y l i n d e r ,  a x i a l  f o r c e s  a r e  p r o m o t e d  i n  t h e  c h a m b e r  
b y  t h e  p r e s s u r e  a c r o s s  t h e  o u t p u t  t h r o a t .  T h e  d y n a m i c s  
o f  t h e  s y s t e m  a r e  n o w  c h a n g e d  s u c h  t h a t  a n y  p a r t i c l e s  
e n t e r i n g  t h e  s y s t e m  a t  t h e  c l o s e d  e n d  i n i t i a l l y  f o l l o w  a  
h e l l i c o i d a l  p a t h  a t  t h e  p e r i p h e r y  o f  t h e  c h a m b e r ,  t o  b e  
e v e n t u a l l y  e j e c t e d  f r o m  t h e  n o z z l e ,  b u t  o n l y  a f t e r  a  s e r i e s  
o f  t r a v e r s e s  o f  r e d u c i n g  d i a m e t e r  b e t w e e n  t h e  i n j e c t i o n  
p o i n t  a n d  t h e  t h r o a t .
The.principle of the combustor is relatively simple:
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F i g u r e  3 . 1  A e r o d y n a m i c  p a t t e r n  o f  g a s  f l o w  
i n  c y c l o n e  c h a m b e r  1 1 1
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Figure 3.2 Representative full-scale vortex combustion chamber
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I t  i s  t h i s  l a t t e r  p a t t i c l e  m o v e m e n t  t h a t  g i v e s  r i s e  t o  
t h e  h i g h  r e s i d e n c e  t i m e s  w i t h i n  t h e  c h a m b e r ,  b e i n g  s o m e  1 2 -  
1 5  t i m e s  . t h a t  o f  a i r  t h r o u g h  a n  o p e n  c y l i n d e r  o f  t h e  s a m e  
d i m e n s i o n s .
T h i s  c o m b i n a t i o n  o f  h i g h  r e s i d e n c e  t i m e  a n d  t h e  r e m o v a l  a n d  
s u p p l y  o f  b u r n t  p r o d u c t s  a n d  o x y g e n  r e s p e c t i v e l y  t o  e a c h  
f u e l  p a r t i c l e  g i v e s  t h e  v o r t e x  c o m b u s t o r  i t s  h i g h  p e r f o r m a n c e .
T h e  i n t e n s i t y  o f  t h e  v o r t e x  c o m b u s t i o n  p r o c e s s  i s  d e t e r ­
m i n e d  b y  t h e  t e m p e r a t u r e  l e v e l ,  t h e  t a n g e n t i a l  v e l o c i t y  a n d  
t h e  d e g r e e  o f  t u r b u l e n c e  t h a t  i s  g e n e r a t e d  w i t h i n  t h e  c h a m b e r .  
E a c h  o f  t h e s e  p a r a m e t e r s  c a n  b e  t r a n s l a t e d  i n t o  t a n g i b l e  
o p e r a t i n g  r e q u i r e m e n t s  s u c h  a s  c h a m b e r  t y p e ,  f u e l  t y p e ,  f a n  
p o w e r  a n d  c h a m b e r  d i m e n s i o n s  r e s p e c t i v e l y ,  a n d  a l l  h a v e  a n  
i n f l u e n c e  u p o n  t h e  a p p l i c a t i o n ,  c o m p l e x i t y  a n d  c o s t .
T h e  p u r p o s e  o f  t h e  a e r o d y n a m i c  s t r u c t u r e  i s  t o  i n c r e a s e  
t h e  s u p p l y  o f  o x y g e n  t o  t h e  f u e l  p a r t i c l e ,  w h i c h  i s  a c c o m ­
p l i s h e d  b y  v i r t u e  o f  t h e  g a s ’ v o r t e x  m o t i o n  a n d  t h e  d e l i v e r y  
o f  f u e l  d i r e c t l y  i n t o  t h e  r e g i o n  o f  m a x i m u m  t a n g e n t i a l  
v e l o c i t y  w h e r e  m i x i n g  i s  a t  i t s  m o s t  v i g o r o u s .  U n f o r t u n a t e l y ,  
t h e  n o n - u n i f o r m i t y  a n d  t h e  s m a l l  d e g r e e  t o  w h i c h  s u c h  a c t i v e  
g a s  a n d  f u e l  s t r e a m s  f i l l  t h e  c h a m b e r  r e s u l t s  i n  a n  i n c o m ­
p l e t e  u s e  o f  t h e  v o l u m e ,  t h e r e b y  l i m i t i n g  t h e  p o s s i b i l i t y  
o f  r e a c h i n g  h i g h  s p e c i f i c  l o a d s .  T h e r e f o r e ,  i n  o r d e r  t o  
i m p r o v e  t h e  e f f i c i e n c y ,  s p e c i a l  a t t e n t i o n  m u s t  b e  p a y e d  t o  
t h o s e  p a r a m e t e r s  w h o s e  i n f l u e n c e  i s  m a n i f e s t e d  t h r o u g h  t h e  
i m p r o v e m e n t  o f  c h a m b e r  a e r o d y n a m i c s .
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O n e  s u c h  p a r a m e t e r  i s  t h e  a e r o d y n a m i c  r e s i s t a n c e  -  t h e  
d i f f e r e n c e  b e t w e e n  t h e  t o t a l  i n l e t  a n d  o u t l e t  p r e s s u r e s .
T h e  r e s i s t a n c e  d e p e n d s  u p o n  t h e  c o n s t r i c t i o n a l  c h a r a c t e r ­
i s t i c s  o f  t h e  c h a m b e r ,  a n d ,  a l t h o u g h  i n d e p e n d e n t  o f  a b s o l u t e  
d i m e n s i o n s ,  i s  i d e n t i c a l  f o r  g e o m e t r i c a l l y  s i m i l a r  c o m b u s t o r s  
o p e r a t i n g  w i t h  i d e n t i c a l  t e m p e r a t u r e  c o n d i t i o n s .
A t  l e a s t  s e v e n t y  p e r c e n t  o f  t h e  p r e s s u r e  d r o p  a c r o s s  t h e  
c h a m b e r  i s  r e q u i r e d  t o  i n i t i a t e  t h e  c i r c u m f e r e n t i a l  g a s  
v e l o c i t y  a n d  t o  m a i n t a i n  i t s  r a d i a l  m o v e m e n t  f r o m  t h e  o u t e r  
w a l l  z o n e .  A s  d i s t i n c t  f r o m  a  s t r a i g h t  g a s  f l o w ,  a  d r o p  i n  
a e r o d y n a m i c  r e s i s t a n c e  o f  a  c y c l o n e  c h a m b e r  d o e s  n o t  i n d i c a t e  
a n  i m p r o v e m e n t  i n  a e r o d y n a m i c s  a n d  i s  n o t  a l w a y s  a d v a n t a g e o u s  , 
f o r  t h e  v o r t e x  m u s t  b e  m a i n t a i n e d 1 1 2 .
A l t h o u g h  t h e  e f f e c t  o f  c o m b u s t i o n  l e a d s  t o  a  r e d u c t i o n  i n  
t h e  p r e s s u r e  d r o p  t h r o u g h  a  r e d u c t i o n  i n  s w i r l , t h e  m o s t  
i m p o r t a n t  d e s i g n  f e a t u r e  i n f l u e n c i n g  a e r o d y n a m i c  r e s i s t a n c e  
i s  t h e  c r o s s - s e c t i o n a l  c o n f i g u r a t i o n  o f  t h e  t a n g e n t i a l  i n p u t  
n o z z l e s .  W i t h  t h e  i n t e n s i t y  o f  t h e  e n c l o s e d  c o m b u s t i o n  a l s o ,  
i n  p a r t ,  d e t e r m i n e d  b y  t h e  t a n g e n t i a l  v e l o c i t y ,  a n  i n c r e a s e  
i n  t h e  n u m b e r  a n d  s i z e  o f  t h e  n o z z l e s  w i l l  h a v e  t h e  a d d e d  
a d v a n t a g e  o f  i m p r o v i n g  c o m b u s t i o n  e f f i c i e n c y  w h i l e  r e d u c i n g  
r e s i s t a n c e . ,
H o w e v e r ,  t h e  d i s p l a c i n g  o f  c o m b u s t i o n  g a s e s  t h r o u g h  t h e  
e x i t  t h r o a t  i s  r e s p o n s i b l e  f o r  3 0 %  o f  t h e  t o t a l  
c h a m b e r  r e s i s t a n c e .  T h e r e f o r e ,  a n y  i m p r o v e m e n t  i n  s y s t e m  
t u r b u l e n c e  i s  o u t w e i g h e d  b y  a n  i n c r e a s e  i n  c i r c u m f e r e n t i a l  
r e s i s t a n c e  b r o u g h t  a b o u t  b y  a n  i n c r e a s e  i n  s w i r l .  I n  o r d e r  
t o  m a i n t a i n  a  c o n s t a n t  t a n g e n t i a l  : a x i a l  m o m e n t u m  r a t i o ,
3-16
a n y  i n c r e a s e  i n  t a n g e n t i a l  a r e a  m u s t  b e  b a l a n c e d  b y  a n  
a p p r o p r i a t e  i n c r e a s e  i n  t h r o a t  a r e a .
I n  p r a c t i c e ,  t h e  u s e  o f  a  d i v e r g e n t  n o z z l e  c a n  r e d u c e  t h e  
p r e s s u r e  d r o p  c o n s i d e r a b l y .  I n  s w i r l  b u r n e r  o p e r a t i o n ,
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B e e r  a n d  C h i g i e r  f o u n d  t h a t  s u c h  n o z z l e s  a l l o w  s t e e p e r
t e m p e r a t u r e  g r a d i e n t s  t o  b e  s u s t a i n e d  n e a r  t h e  b u r n e r  a t
l o w e r  d e g r e e s  o f  s w i r l ,  e n a b l i n g  r a p i d  a n d  s t a b l e  i g n i t i o n
t o  b e  a t t a i n e d  a t  l o w e r  p r e s s u r e  d r o p s  t h a n  e q u i v a l e n t
s t r a i g h t  n o z z l e  s w i r l  b u r n e r s .
F u r t h e r  r e s i s t a n c e  i m p r o v e m e n t s  c a n  b e  a c h i e v e d  b y  
p o s i t i o n i n g  t h e  t a n g e n t i a l  n o z z l e s  s o m e  d i s t a n c e  f r o m  t h e  
r o o f  a s  w e l l  a s  p a y i n g  p a r t i c u l a r  a t t e n t i o n  t o  r e d u c i n g  
t h e  r o u g h n e s s  o f  t h e  c h a m b e r  i n t e r i o r  s u r f a c e s ,  e s p e c i a l l y  
t h e  b a s e .
D e s p i t e  t h e  r e l a t i v e l y  h i g h  e n e r g y  d e m a n d  r e q u i r e d  t o  m a i n t a i n  
t h e  v o r t e x ,  t h e s e  i m p r o v e m e n t s  i n  a e r o d y n a m i c s  c a n  r e d u c e  t h e  p o w e r  
c o n s u m p t i o n  o f  a  v o r t e x  c o m b u s t o r  t o  t h a t  o f  a  c o n v e n t i o n a l  
b u r n e r ,  o r  o n l y ,  m a r g i n a l l y  h i g h e r .  I n  s u c h  a n  e f f i c i e n t  
c h a m b e r ,  t h e r e  i s  n o  a d v a n t a g e  i n  u s i n g  a  h i g h e r  t a n g e n ­
t i a l  v e l o c i t y  t h a n  i s  w a r r a n t e d  t o  s e c u r e  c o n t r o l  o f  t h e  
s y s t e m  t h r o u g h  t u r b u l e n t  m i x i n g .
F o r  a  s w i r l  b u r n e r ,  t h e  c o m b u s t i o n  e f f i c i e n c y  i s  b a s e d  
u p o n  t h e  a m o u n t  o f  s w i r l  g e n e r a t e d  a t  t h e  e x i t  t h r o a t .
A s  i n t e r n a l  r e v e r s e  f l o w s  a r e  o n l y  i n f r e q u e n t l y  f o r m e d ,  
v e r y  l i t t l e  d i s s i p a t i o n  o f  s w i r l  e n e r g y  o c c u r s  i n s i d e  t h e  
b u r n e r ;  t h e r e f o r e ,  t h e  e f f i c i e n c y  o f  t h e  s w i r l  g e n e r a t i o n  
c a n  b e  a s  h i g h  a s  7 0 - 8 0 % .
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O n  t h e  o t h e r  h a n d ,  t h e  s w i r l  e f f i c i e n c i e s  o f  v o r t e x  
c h a m b e r s  a r e  t y p i c a l l y  8 - 1 5 % 114 .  H o w e v e r ,  p r o v i d e d  t h e
i n l e t  l o s s e s  a r e  m i n i m i z e d ,  t h i s  r e l a t i v e l y  l o w  e f f i c i e n c y  
i s  b e n e f i c i a l  i n  t h a t  t h e  e n e r g y  b a l a n c e  i s  d i r e c t e d  t o ­
w a r d s  t h e  p r o d u c t i o n  o f  l a r g e  i n t e r n a l  r e v e r s e  f l o w s ,  h i g h  
l e v e l s  o f  t u r b u l e n t  m i x i n g ,  a n d  t h e  c r e a t i o n  o f  t h e  v o r t e x  
m o v e m e n t  o f  t h e  g a s e s .
T h e  d e g r e e  o f  a e r o d y n a m i c  e f f i c i e n c y  o f  t h e  c h a m b e r  
c a n  b e  c h a r a c t e r i z e d  b y  t h e  v a l u e :
T h e  t e r m s  u s e d  i n  t h e  r e l a t i o n s h i p  s h o w  t h e  e f f e c t  o f  
v a r i a t i o n  o f  c o n s t r u c t i o n a l  p a r a m e t e r s  o n  t h e  e f f i c i e n c y  
o f  t h e  c y c l o n e  c h a m b e r .
T h e  o p t i m u m  e f f i c i e n c y  o c c u r s  f o r  c h a m b e r  s i z e s  i n  t h e  
r a n g e  0 . 8 - 1 . 2  m ,  w i t h  a n y  i n c r e a s e  b e y o n d  2 - 2 . 5  m  f o u n d  t o  
b e  u n j u s t i f i e d  d u e  t o  t h e  a s s o c i a t e d  r e d u c t i o n  i n  s w i r l .
F o r  a  n o n - i s o t h e r m a l  s y s t e m ,  t h i s  r e d u c t i o n  m a n i f e s t s  i t ­
s e l f  t h r o u g h  a  c o n s i d e r a b l e  i n c r e a s e  i n  a s h  c a r r y - o v e r  f r o m  
t h e  c h a m b e r  d u e  t o  p o o r  c o m b u s t i o n  b r o u g h t  a b o u t  b y  r e d u c e d  
t u r b u l e n c e  1 1 4 .
P
w h e r e  A P ^  i s  t h e  t o t a l  p r e s s u r e  d r o p  a n d  t h e  c r i t i c a l
C R
^ A E R  A p  ( 3 . 1. 7 )
p r e s s u r e  t o  m a i n t a i n  t h e  v o r t e x ,  g i v e n  b y :
x  d x  d y
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( 3 . 1 8 )
I t  i s  a p p a r e n t  t h a t  t h e  m o s t  i m p o r t a n t  c o n t r o l  o n  c h a m b e r  
p e r f o r m a n c e  i s  a f f o r d e d  b y  t h e  q u a l i t y  o f  t h e  t a n g e n t i a l  f l o w .
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( e f f i c i e n c y )
A q  =  c r o s s - s e c t i o n a l  a r e a  o f  b o d y  o f  c y c l o n e  
A .  =  t a n g e n t i a l  i n l e t  a r e a
Do ■
D e  -  
L =
n  =
d i a m e t e r  o f  m a i n  s e c t i o n  o f  c y c l o n e  c h a m b e r
e x i t  t h r o a t  d i a m e t e r
l e n g t h
n u m b e r  o f  t a n g e n t i a l  i n l e t s
F i g u r e  3 . 3  D e p e n d e n c e  o f  a e r o d y n a m i c  e f f i c i e n c y  o n
c o n s t r u c t i o n a l  p a r a m e t e r s  o f  c y c l o n e  c h a m b e r 1 1 2
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A  s e c o n d  i m p o r t a n t  c h a r a c t e r i s t i c  i s  t h a t  o f  a n g u l a r  s p r e a d  
o f  t h e  n o z z l e  o u t p u t .  U n l i k e  e f f i c i e n c y  a n d  p r e s s u r e  d r o p ,  
t h e  j e t  a n g l e  i s  a l m o s t  i n d e p e n d e n t  o f  t a n g e n t i a l  f l o w ,  
r e l y i n g  o n  t h e  f i x e d  d e s i g n  r a t i o  o f  c h a m b e r  l e n g t h  t o  d i a ­
m e t e r ,  L / D . ,  a n d  i n c r e a s e s  i n  s p r e a d  a s  t h e  r a t i o  d e c r e a s e s .
T h e  l e n g t h  a n d  d i a m e t e r  o f  t h e  n o z z l e  a l s o  a f f e c t s  t h e  
s p r e a d  a g a i n  b e i n g  m a x i m i z e d  f o r  ' s h o r t  a n d  s t u b b y '  
s i z e s .  W h e r e  a p p l i c a b l e  a  f u r t h e r ,  a l b e i t ,  m a r g i n a l  i n ­
c r e a s e  i n  a n g l e  i s  b r o u g h t  a b o u t  b y  a  l a r g e  r e d u c t i o n  o f  
a x i a l  f l o w  i n t o  t h e  c h a m b e r .
I t  i s  e v i d e n t  t h a t  t h e  p e r f o r m a n c e  c h a r a c t e r i s t i c s  o f  a  
v o r t e x  c h a m b e r  c a n  b e  e s t a b l i s h e d  o n  t h e  d r a w i n g  b o a r d .
T h e  n e x t  s t e p  i s  t o  a n a l y z e  t h e  m e t h o d s  a n d  p r o b l e m s  a s s o ­
c i a t e d  w i t h  f u e l  f i r i n g  i n  a  p r o t o t y p e .
3  . 2  ;  2.  O p e r a t i o n a l  C h a r a c t e r i s t i c s
O p e r a t i o n a l  c o m b u s t o r  d e s i g n  i s  d i v i d e d  i n t o  t w o  t y p e s  -  
s l a g g i n g  a n d  n o n  s l a g g i n g .  I n  t h e  f o r m e r ,  t h e  h i g h  a s h  
c o n t e n t  i n j e c t e d  f u e l  i s  t h r o w n  o u t w a r d s  a n d  o n t o  t h e  c h a m ­
b e r  w a l l s  w h e r e  i t  b e c o m e s  i m b e d d e d  i n  a  t h i n  p r o t e c t i v e  
s l a g  c o a t i n g .  I n  s u c h  a  p o s i t i o n  t h e s e  p a r t i c l e s  r e m a i n  
r e l a t i v e l y  s t a t i o n a r y ,  w i t h  t h e  e n h a n c e d  v o l a t i l i z a t i o n  
o f  t h e  p a r t i c l e  w i t h  o x y g e n ,  n e a r  t h e  w a l l ,  l e a d i n g  t o  
f u r t h e r  v o l a t i l i z a t i o n .  T h e  e x c e s s  s l a g  f o r m e d  g r a d u a l l y  
m o v e s  d o w n  t h e  w a l l s  a n d  o u t  t h r o u g h  a  t a p p i n g  i n  t h e  
c h a m b e r  b a s e .
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S l a g g i n g  t y p e  c o m b u s t o r s  a r e  g e n e r a l l y  v e r t i c a l ,  w i t h  
o n l y  o n e  t a n g e n t i a l  i n p u t .  T y p i c a l  D e / D 0  a n d  L / D 0  v a l u e s  
a r e  0 . 4 - 0 . 5  a n d  0 . 9 - 1 . 2  r e s p e c t i v e l y .
I n  t h e  n o n - s l a g g i n g  t y p e ,  t h e  a e r o d y n a m i c s  a r e  s u c h  t h a t  
t h e  f u e l  b u r n s  w e l l  i n s i d e  t h e  c h a m b e r  a n d  n o t  o n  t h e . w a l l s .  
E a c h  i n j e c t e d  p a r t i c l e  i s  s t a b i l i z e d  a t  a  r a d i u s  d e p e n d e n t  
o n  i t s  m a s s  a n d  a s  i t  b u r n s ,  g r a d u a l l y  m o v e s  t o  a  n e w  
e q u i l i b r i u m  p o s i t i o n  c l o s e r  t o  t h e  c e n t r a l  a x i s ,  u n t i l  a t  
a  p r e - d e t e r m i n e d  s i z e ,  i t  e v e n t u a l l y  e s c a p e s  t h r o u g h  t h e  
n o z z l e .  A s  c o m b u s t i o n  i s  t a k i n g  p l a c e  w e l l  w i t h i n  t h e  c h a m b e r  
t h e  w a l l  t e m p e r a t u r e s  a r e  v e r y  m u c h  l o w e r  t h a n  t h o s e  o f  
t h e  s l a g g i n g  u n i t .
N o n - s l a g g i n g  c h a m b e r s  u s u a l l y  o p e r a t e  w i t h  r e l a t i v e l y  
l o w  s w i r l  n u m b e r s ,  3 - 1 0  c o m p a r e d  t o  1 0 + ,  a n d  d i f f e r  
p h y s i c a l l y  i n  d e s i g n ,  h a v i n g  m u l t i p l e  s y m m e t r i c a l l y  p o s i t i o n e d  
t a n g e n t i a l  p o r t s  a r o u n d  a  c y l i n d r i c a l  r a t h e r  t h a n  t h e  
a r c h e m e d i a n s p i r a l  o f  t h e i r  s l a g g i n g  c o u n t e r p a r t s . ( F i g . 3 .  4 )
I t  i s  t h e  n o n - s l a g g i n g  u n i t  t h a t  i s . c o n s i d e r e d  t o  b e  
t h e  m o s t  a p p l i c a b l e  t o  t h i s  r e s e a r c h .
A s  p a r t  o f  t h e  S o v i e t  M H D  r e s e a r c h ,  K a l i s h e v s k i i  a n d  
. 112 , 1 1  5,116
G a n c h e v  c a r r i e d  o u t  d e t a i l e d  i n v e s t i g a t i o n s  i n t o
t h e  c h a n g e  i n  o p e r a t i o n a l  c h a r a c t e r i s t i c s  o f  c h a m b e r s  f o r  
c h a n g e s  i n  f u e l  i n p u t  p o s i t i o n .  W i t h i n  t h e  c h a m b e r ,  t h e  
c o a l  i s  h e a t e d  b y  a l l  t h r e e  m o d e s  o f  h e a t  t r a n s f e r ,  a l t h o u g h  
t h e  c o n d u c t i v e  c o m p o n e n t  i n  n e g l i g i b l e  c o m p a r e d  t o  t h e  
r a d i a t i v e  a n d  c o n v e c t i v e % c o n t r i b u t i o n , '  - t h e  , l a t t e r  d o m i n a t i n g  
i n  c i r c u m s t a n c e s  w h e r e  c o m b u s t i o n  p r o d u c t s  a r e  r e c i r c u l a t e d .
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c o m p o n e n t  c o u l d  b e  a f f e c t e d  b y  t h e  p r o p o r t i o n  o f  v o l a t i l e s  
i n  t h e  c o a l ,  e s p e c i a l l y  i f  a x i a l l y  i n j e c t e d  i n t o  t h e  c h a m b e r .
I n  a x i a l  f i r i n g ? t h e  f u e l ,  i n t r o d u c e d  t h r o u g h  a n  a x i -  
s y m m e t r i c  n o z z l e  i n  t h e  b a s e  o f  t h e  c o m b u s t o r ,  i s  i n i t i a l l y  
d i r e c t e d  i n t o  t h e  h o t t e r  c e n t r a l  c o r e  r e g i o n ,  w h e r e  i t  i s  
a l s o  a c t e d  u p o n  b y  t h e  c e n t r i f u g a l  f o r c e  a n d  t a k e s  u p  a  r a d i a l  
p o s i t i o n  a c c o r d i n g  t o  i t s  m a s s .  T h i s  t y p e  o f  i n j e c t i o n  n o t  
o n l y  p r o v i d e s  c o n d i t i o n s  f o r  t h e  o p t i m u m  h e a t  t r a n s f e r  t o  t h e  
f u e l  i n i t i a l l y  b u t  a l s o  p e r m i t s  t h e  u s e  o f  a  m o r e  l o o s e l y  
c r u s h e d  v a r i e t y  i n  n o n - s l a g g i n g  u n i t s .
T a n g e n t i a l  f u e l  f i r i n g  i s  i d e a l l y  s u i t e d  t o  s l a g g i n g  
c o m b u s t i o n s  a s  t h e  c o a l  i s  i n j e c t e d  c l o s e  t o  t h e  c h a m b e r  
w a l l s .  H o w e v e r ,  i n  t h e  n o n - s l a g g i n g  u n i t  t h e  w a l l s  a r e  
r e l a t i v e l y  c o l d ,  t h e r e f o r e  a n y  l a r g e  p a r t i c l e s  i n j e c t e d  
t a n g e n t i a l l y  w i l l  n o t  e n c o u n t e r  a  h o t  c e n t r a l  c o r e  b u t  c o l d  
a i r ,  t h e r e f o r e  t a k i n g  a  l o n g e r  t i m e  t o  b u r n .  T h e  h e a t  l o s s e s  
f o r  t a n g e n t i a l l y  f i r e d  s y s t e m s  a r e  a t t r i b u t e d  t o  u n b u r n t  
g a s e s ,  w h i l e  f o r  t h e  a x i a l  s y s t e m ,  l o s s e s  a r e  h i g h e r  a n d  
a r e  g e n e r a t e d  b y  t h e  g r e a t e r  p r o p o r t i o n  o f  c a r b o n  l e a v i n g  
t h e  e x i t  t h r o a t .
T y p i c a l  c h a m b e r  o u t p u t s  f o r  e a c h  c o n f i g u r a t i o n  a r e :
From their work they found, that the convective
A x i a l  f i f i n g
T a n g e n t i a l
C O  0 . 1 - 0 . 9 %  
H 2 0 %
C O  5 . 6 %
H 2 0 . 5 - 0 . 8 %
with combustion efficiencies varying from 0.65-0.92 respect-
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i v e l y ,  a l t h o u g h ,  m o r e  i m p o r t a n t l y ,  a  v a r i a t i o n  i n  t h e s e  v a l u e s  
o f  1 0 - 1 5 %  h a d  a n  i n s i g n i f i c a n t  e f f e c t  o n  t h e  t o t a l  p e r f o r m a n c e
117 *
P a n o u i  e t  a l  h a v e  d e v e l o p e d  a n  e q u a t i o n  t o  p r e d i c t  t h e
q u a n t i t y  o f  f u e l  w h i c h  b u r n s  w i t h i n  a  c y c l o n e  f u r n a c e  a f t e r
a n  e l e m e n t  o f  t i m e :
d G  11 ^ P  d P °  T a ° ' 78
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w h e r e  Y  i s  t h e  s p e c i f i c  w e i g h t  o f  t h e  p a r t i c l e ;ir
d p 0  i s  t h e  p a r t i c l e  d i a m e t e r ;  .
T  i s  t h e  e n v i r o n m e n t  t e m p e r a t u r e ;
T a  i s  t h e  a i r  p r e h e a t  t e m p e r a t u r e ;
B r  i s  a  c o n s t a n t  f u n c t i o n  o f  f u e l  t y p e ;
K p  i s  a  c o n s t a n t  o f  c o m b u s t i o n  o f  c a r b o n  r e s i d u e s
C 0 2 i s  t h e  s y s t e m  c o n c e n t r a t i o n ;  
d r
a n d  i s  t h e  v e l o c i t y  o f  r a d i a l  b u r n i n g .
S o l v i n g  s u c h  a  r e l a t i o n  b y  a n a l o g  c o m p u t e r  m e t h o d s  l e d  
t o  s e v e r a l  i m p o r t a n t  c o n c l u s i o n s :
( i )  P r e h e a t i n g  t h e  a i r  i n c r e a s e s  t h e  i n t e r i o r  t e m p e r a t u r e  
o f  t h e  c y c l o n e ,  t h e r e b y  a c c e l e r a t i n g  t h e  c o m b u s t i o n  o f  t h e  
s o l i d  f u e l  p a r t i c l e s  a n d  r e d u c i n g  t h e  c o m b u s t i o n  t i m e ;
( i i )  B e c a u s e  l a r g e r  f u e l  p a r t i c l e s  ( >  5 0 0  y m )  b u r n  n e a r  
t h e  f u r n a c e  w a l l s ,  t h i s  a r e a  r e q u i r e s  a  s u f f i c i e n t l y  h i g h  
o x y g e n  c o n c e n t r a t i o n .
( i i i )  W h e r e  t h e  p a r t i c l e  d i a m e t e r  d e c r e a s e s  d u r i n g  t h e  t i m e  
o f  c o m b u s t i o n ,  a  c o r r e s p o n d i n g  i n c r e a s e  i n  t h e  d e g r e e  o f  
c o m b u s t i o n  i n  t h e  c y c l o n e - f u r n a c e  v o l u m e  i s  t o  b e  e x p e c t e d
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F r o m  t h e s e  c o n c l u s i o n s  a n d  t h e  S o v i e t  i n v e s t i g a t i o n s ,  
i t  w o u l d  a p p e a r  t h a t  t h e  i d e a l  c o m b u s t o r  f o r  o u r  p u r p o s e s  
i s  e i t h e r  n o n - s l a g g i n g  t a n g e n t i a l l y  f i r e d  w i t h  1 0 %  o f  t h e  
c o m b u s t i o n  a i r  i n t r o d u c e d  a x i a l l y  o r  a x i a l l y  f i r e d  w i t h  
l o o s e l y  c r u s h e d  f u e l .  T h e  a x i a l  p r o c e s s  i s  c h a r a c t e r i z e d  
b y  a n  a p p r e c i a b l e  q u a n t i t y  o f  f r e e  o x y g e n  t h r o u g h o u t  
a l m o s t  t h e  e n t i r e  c h a m b e r .
S e i d l 1 '18 u s e d  s i m i l a r  o p e r a t i n g  c o n d i t i o n s  t o  K a l i s h e v s k i i  
e t  a l  i n  d e v e l o p i n g  a  t a n g e n t i a l l y  f i r e d  s l a g g i n g  c o m b u s t o r  
c a p a b l e  o f  b u r n i n g  b l a c k  c o a l  w i t h  a n  a s h  c o n t e n t  u p  t o  4 0 % .  
O n e  i m p o r t a n t  o b s e r v a t i o n  f r o m  t h e  w o r k  w a s  t h e  i n c r e a s e  i n  
f l u e  g a s  l o s s e s  a n d  d e c r e a s e  i n  c h a m b e r  t e m p e r a t u r e  b r o u g h t  
a b o u t  b y  a n  i n c r e a s e  i n  m o i s t u r e  c o n t e n t  o f  t h e  f u e l .  T h e  
s l a g g i n g  c o m b u s t o r  u s e d  p r o d u c e d  r e l a t i v e l y  c l e a n  o u t p u t  
g a s e s ,  w i t h  8 5 %  o f  t h e  a s h  a d m i t t e d  w i t h  t h e  f u e l  b e i n g  
r e t a i n e d .  S u c h  a  h i g h  r e t e n t i o n  r a t e  i n t r o d u c e d  s l a g  
f o r m a t i o n  p r o b l e m s ,  n e c e s s i t a t i n g  t h e  a d d i t i o n  o f  a  t a p p i n g  
f a c i l i t y .  I n  S e i d l ' s  c o m b u s t o r  t h e  s l a g  f r o m  t h e  b l a c k  c o a l  
b e g a n  t o  f o r m  a t . a b o u t  1 6 0 0 ° C .  A n o t h e r  p r o b l e m  a s s o c i a t e d  
w i t h  a c i d  c o r r o s i o n  f r o m  t h e  h i g h  s u l p h u r  c o n t e n t  o f  t h e  p o o r  
f u e l  w a s  a l e v i a t e d  b y  i n c r e a s i n g  t h e  e x c e s s  a i r . r a t e  t o  a b o u t  5
W i t h  s u c h  p r o b l e m s  i n  m i n d ,  i t  i s  w o r t h  m e n t i o n i n g  t h e  
w o r k  o f  R o b e r t s  a n d  W i l k e n s 1 1 9  i n  p r o v i d i n g  a n  e x t r e m e l y  
u s e f u l  s o u r c e  o f  d a t a  o n  t h e  s l a g g i n g  p r o p e r t i e s  o f  t w e n t y  
o r  m o r e  t y p e s  o f  c o a l ,  g i v i n g  a  c o m p l e t e  a n a l y s i s  a n d  m a x i m u m  
a d v i s a b l e  o p e r a t i n g  t e m p e r a t u r e s - ;
compared to the theoretical results.
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A l t h o u g h  n e a r l y  a l l  t h e  i n f o r m a t i o n  g a t h e r e d  d e a l s  w i t h  
s l a g g i n g  u n i t s ,  t h e  c r i t e r i o n  o f  c l e a n  o u t p u t  n e e d  n o t  
b e  r i g i d l y  a d h e r e d  t o  i n  t h e  c a s e  o f  a  v o r t e x  u n i t  b e i n g  
u s e d  i n  t h e  c a l c i n e r  s e c t i o n  o f  a  L e p o l  g r a t e .  T h e  h i g h e r  
h e a t  a n d  a s h  o u t p u t s  f r o m  a x i a l  f i r e d  n o n - s l a g g i n g  u n i t s  
a r e  i d e a l l y  s u i t e d  t o  t h e  s y s t e m  -  t h e  a s h  b e i n g  d i s c h a r g e d  
w i t h  t h e  p r o d u c t , a s  i s  t h e  c a s e  w i t h  c o n v e n t i o n a l  c o a l  b u r n e r s .
O n e  a e r o d y n a m i c  p r o b l e m  a s s o c i a t e d  w i t h  s w i r l i n g  f l o w  
i s  t h a t  o f  c o r e  p r e c i s i o n .  I n  t h e  s a m e  m a n n e r  a s  a  s p i n n i n g  
t o p ,  i f  u p s e t ,  n u a t e s  a n d  p r e c e s s e s  a b o u t  i t s  o r i g i n a l *  a x i s ,  
s o  t o o  c a n  a  s i m i l a r  p e r t e r b a t i o n  a f f e c t  t h e  r o t a t i o n a l  a x i s  
o f  t h e  v o r t e x .  T h i s  p h e n o m e n o n ,  v o r t e x  c o r e  p r e c i s i o n  o r  
P V C ,  o c c u r s  w h e n  t h e  c e n t r a l  c o r e  i s  d i s p l a c e d  f r o m  t h e  a x i s  
o f  s y m m e t r y  o f  t h e  c o m b u s t o r  a n d  s t a r t s  t o  p r e c e s s  a b o u t  i t ,  
t h e r e b y  e n c l o s i n g  a  l a r g e  t o r o i d a l  r e c i r c u l a t i o n  z o n e .
T h e  p r i m a r y  c a u s e s  o f  s u c h  a n  i n s t a b i l i t y  a r e  e i t h e r  a  
c h a m b e r  t h a t  i s  t o o  l o n g ,  w i t h  L  :  D  >  6 ,  o r  w h e r e  t h e  
t a n g e n t i a l  i n p u t s  a r e  t o o  n e a r  t h e  n o z z l e .  F o r  a  f i x e d  R e  
i n  a  s y s t e m  a b o v e  1 . 8  x  I O 4 ,  a n d  r e l a t i v e l y  l o w  S  v a l u e s ,  
t h e  c o r e  w i l l  i n i t i a l l y  b r e a k - d o w n  i n  t h e  e x i t .  A s  t h e  s w i r l  
i n c r e a s e s  a b o v e  0 . 6 ,  t h e  b r e a k d o w n  b e g i n s  t o  m o v e  t o w a r d s  
t h e  b a s e  o f  t h e  c h a m b e r
P V C  c o u l d  b e  a  c o n s i d e r a b l e  p r o b l e m  i n  a  h i g h  s w i r l  
s y s t e m  w i t h  a x i a l  f i r i n g  a s  t h e  c e n t r a l  c o r e  m a i n t a i n s  t h e  
c o m b u s t i o n  r e a c t i o n  -  a  l e n g t h e n i n g  o f  t h e  c h a m b e r  b e i n g  
r e c o m m e n d e d  t o  e n s u r e  t h e  c o m p l e t e  c o m b u s t i o n  o f  a l l  t h e  
f u e l .  F o r t u n a t e l y ,  d u e  t o  t h e  p o s s i b l e  d a m p i n g  f a c t o r  i n s i d e
P a r a m e te r U n i t V a lu e
T h e r m a l  i n p u t ,  f ir s t s ta g e M W 1000
E q u iv a le n c e  r a t io ,  f ir s t  s ta g e 1. GO
A ir  p r e h e a t  t e m p e r a t u r e °K 1200
H e a t  lo ss , f ir s t  s ta g e Cr /0 10
T e m p e r a tu r e  in  firs t s t a g e °K 22 S 5
A s s u m e d  lo a d in g ,  f ir s t  s ta g e M W /m *  a tm 15
W o rk in g  p re s s u re a tm 5
C ro s s -s e c t io n  a r e a ,  f ir s t  s ta g e m ‘ 1 3 .3
C h a m b e r  d i a m e te r  if  tw o  a re  u sed m 2 .9 2
C h a r  h e a t in g  v a lu e M J / k g  ( a s h  f re e ) 3 3 .5 4
C h a r  fe e d  r a te ,  f ir s t  s t a g e k g /s e c  ( a s h  f re e ) 2 9 .8 1
A sh  s u p p l ie d  w i th  c h a r k g /s e c 3 . 0 9
A ir r a te ,  f ir s t s t a g e  a t  ^  =  1.G0 k g /s e c 5 4 1 .5
T o ta l  c o a l s u p p ly  fo r  $ =* 1.05 k g /s c e  ( d r y ,  a sh  fre e ) 4 2 . 9S
A sh  fired  w ith  c o a l k g /s e c 3 .C 9
W a te r  f ired  w ith  c o a l k g /s e c 1 .4 0
G a s  fired  to  s e c o n d  s ta g e ,  in c lu d in g  H * 0 k g /s e c 1 4 .5 7
G a s  fu e l to  s e c o n d  s ta g e ,  w i th o u t  H jO k g /s e c 1 3 .1 7
C o a l h e a t in g  v a lu e ,  d r y ,  a sh  free M J / k g 3 6 .3 1
T h e rm a l  in p u t  f ro m  r o a l  s u p p l ie d M W 1560
T h e rm a l  in p u t  to  s e c o n d  s ta g e M W 56 0
A ssu m e d  lo a d in g ,  s e c o n d  s ta g e M W /m 1 a tm 15
A rea  r e q u i r e d ,  s e c o n d  s ta g e m* 7 .4 7
D ia m e te r  o f  se c o n d  s ta g e  (o n e  c h a m b e r ) m 3 .0 8
C o a l a s  fired k g /s e c 4 S .0 7
A sh c a r r ie d  d o w n s t r e a m k g /s e c 0 .3 7
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igure 3. 5 Schematic of two-stage MHD combustor
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t h e  s y s t e m ,  t h e  l a r g e  P V C  g e n e r a t i o n  p r e d i c t e d  b y  m o d e l  
i n v e s t i g a t i o n s  d o e s  n o t  a p p e a r  t o  b e  a  p r o b l e m  i n  p r o t o t y p e  
c o m b u s t o r s .
A  g r e a t  d e a l  o f  t h e  e m p i r i c a l  d a t a  r e l a t i n g  t o  v o r t e x  
s y s t e m s  h a s  b e e n  e s t a b l i s h e d  b y  B r i t i s h  a n d  S o v i e t  r e s e a r c h e r s  
i n v o l v e d  i n  t h e  d e v e l o p m e n t  o f  M a g n e t o - H y d r o d y n a m i c  e l e c t r i ­
c a l  p o w e r  g e n e r a t i o n .  A l t h o u g h  n o t  d i r e c t l y  r e l e v a n t  t o  t h i s  
i n v e s t i g a t i o n  t h e  M H D  w o r k  i l l u s t r a t e s  t h e  u l t i m a t e  i n  v o r t e x
c h a m b e r s ,  , c a p a b l e  o f  d e v e l o p i n g  h i g h  v o l u m e s  o f  c l e a n  3 0 0 0  K
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g a s e s  ( F i g u r e  3 . 5 ) ’ • T h e  a d v a n t a g e s  o f  s u c h  a  s y s t e m  a r e  
t h e  p r o m i s e  o f  e f f i c i e n c i e s  i n  t h e  r a n g e  o f  6 0 - 6 5 %  b y  u s i n g  
t h e  r a p i d  m o v e m e n t  o f  t h e  g a s  t h r o u g h  a  n o z z l e  a s  t h e  c o n ­
d u c t o r  t o  g e n e r a t e  e l e c t r i c i t y  d i r e c t l y ,  t h e r e b y  e l i m i n a t i n g  
t h e  c a p i t a l  c o s t  a n d  c o m p l e x i t y  o f  l o w  e f f i c i e n c y  c o n v e n t i o n a l  
p l a n t  r e q u i r i n g  b o i l e r s ,  t u r b i n e s  a n d  g e n e r a t o r s .
3 . 2 . 3  S i m i l a r i t y  f o r  S w i r l
W h e n  c o m p a r i n g  t h e  i s o t h e r m a l  m o d e l  f l o w  d i s t r i b u t i o n
t o  t h a t  o f  i t s  p a r e n t  p r o t o t y p e  b u r n e r ,  a  s u i t a b l y  m o d i f i e d
T h r i n g - N e w b y  p a r a m e t e r ,  
m  +  m  r  1
9 s  =  - V - *  - f -  ( 3 - 2 0 >O L
c a n  b e  u s e d  t o  d e t e r m i n e  t h e  p r o p o r t i o n  o f  r e c i r c u l a t i o n  a s s o ­
c i a t e d  w i t h  a  s w i r l  j e t .  T h e  e q u i v a l e n t  n o z z l e  r a d i u s  i n  s u c h  
a  r e l a t i o n  i s  g i v e n  i n  t h e  f o r m :
r 0 '  =  r Q  ( 1  +  S ) " 2 ‘ ( 3 . 2 1 )
w h i c h  r e d u c e s  t o  i t s  o r i g i n a l  f o r m  a s  s w i r l  i s  r e d u c e d  t o  z e r o  
T h e r e f o r e ,  i n  a n  a n a l o g o u s  t r e a t m e n t  t o  t h a t  o f  c o n f i n e d  j e t s :
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m 0.9r (3.22)
f r o m  w h i c h  i t  a p p e a r s  t h a t  i n c r e a s i n g  t h e  a m o u n t  o f  s w i r l  
f r o m  0  t o  3 ,  i n c r e a s e s  t h e  p r o p o r t i o n  o f  r e c i r c u l a t i o n  b y  
1 0 0 %  -  a l l  o t h e r  v a l u e s  r e m a i n i n g  e q u a l .
I n  t h e  c a s e  o f  v o r t e x ,  c o m b u s t i o n ,  i s o t h e r m a l  m o d e l  r e s e a r c h  
h a s  s u g g e s t e d  t h a t ,  a l t h o u g h  t h e  e f f e c t i v e  s w i r l  n u m b e r  o f  
t h e  c h a m b e r  i s  r e d u c e d  b y  a b o u t  8 0 - 8 5 %  u n d e r  a c t u a l  c o m b u s t i o n  
c o n d i t i o n s ,  t h e  c h a r a c t e r  o f  t h e  v e l o c i t i e s  a n d  p r e s s u r e  
d i s t r i b u t i o n  i n  t h e  s c a l e  r e p r e s e n t a t i o n  i s  s i m i l a r  t o  t h a t  
i n  t h e  w o r k i n g  p r o t o t y p e .
H o w e v e r ,  s u c h  c a n n o t  b e  s a i d  o f  t h e  c h a r a c t e r i s t i c s  o f  
t h e  o u t p u t  p r o f i l e s  i n  t h e  h o t  s y s t e m ,  f o r  t h e  r e d u c e d  s w i r l  
e f f e c t s  o n  t h e  c o m b u s t i o n  g a s e s  a c c e l e r a t i n g  t h r o u g h  t h e  
n o z z l e  r e d u c e  t h e  s i z e  o f  t h e  r e c i r c u l a t i o n  z o n e  i n  t h i s  
r e g i o n .  F o r  a  g a s  f i r e d  s y s t e m ,  N a j i m  e t  a l . 9 ?  f o u n d  t h a t  t h e  
e f f e c t  o f  c o m b u s t i o n  o n  s w i r l  c a n  b e  r e l a t e d  t o  t h e  m e a n  
d e n s i t y  o f  c o m b u s t i o n  g a s e s  b y  t h e  s i m p l e  e m p i r i c a l  e q u a t i o n :
- F h r  d o w n s t r e a m  t h e  t e m p e r a t u r e  p r o f i l e  a t  p o i n t  a  i s  g i v e n  
b y  a  f o r m  s i m i l a r  t o  t h a t  o f  T h r i n g  a n d  N e w b y 2 7  a s :
F r o m  t h e s e  r e s u l t s  i t  w o u l d  a p p e a r  t h a t  t h e  l a r g e  e f f e c t s  
o f  t h e  t e m p e r a t u r e  c h a n g e s  i n  t h e  j e t  c a u s e s  a  s l o w e r  d e c a y  
o f  v e l o c i t i e s  t h a n  i s  f o u n d  i n  t h e  i s o t h e r m a l  m o d e l .
S _  c  P o u t l e t
c o m b u s t i o n  i s o t h e r m a l  P i n l e t
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3 . 3  H e a t  T r a n s f e r  a n d  B e d  T e m p e r a t u r e s  i n  t h e  L e p o l  g r a t e  
a n d  V o r t e x  C o m b u s t i o n  S i m u l a t i o n
F E R G U S  h a s  l o n g  b e e n  i n v o l v e d  i n  a p p l y i n g  s c a l e  m o d e l l i n g  
m e t h o d s  t o  i n d u s t r i a l  p r o c e s s  r e s e a r c h .  I t s  r e p u t a t i o n  h a s  
b e e n  f o u n d e d  u p o n  i t s  a b i l i t y  t o  s u p p o r t  r e c o m m e n d a t i o n s  
p r o m o t e d  b y  s u c h  l a b o r a t o r y  o r i e n t a t e d  m e t h o d s  w i t h  o n  s i t e  
p l a n t  i n v e s t i g a t i o n s ,  e v e n t u a l l y  l e a d i n g  t o  s u c c e s s f u l l y  i m ­
p r o v e d  p r o t o t y p e  o p e r a t i o n .  T h e  G r o u p  b e c a m e  a c c o m p l i s h e d  . i n  
r e s e a r c h  r e l a t e d  t o  t h e  c e m e n t  i n d u s t r y  d u r i n g  t h e . e a r l y . 1 9 7 0 ’ s . 
b e i n g  o r i g i n a l l y  i n v o l v e d  w i t h  t h e  A s s o c i a t e d  P o r t l a n d  C e m e n t  
M a n u f a c t u r e r s  L i m i t e d ,  b u t  m o r e  r e c e n t l y  w i t h  t h e  R u g b y  
P o r t l a n d  C e m e n t  C o m p a n y .
I n  t h e  e a r l i e s t  i n v e s t i g a t i o n s ,  L a i n 56 e s t a b l i s h e d  t h e  
a e r o d y n a m i c  f l o w  p a t t e r n s  i n  t h e  c l i n k e r i n g  z o n e  o f  a  l o n g  
w e t  p r o c e s s  k i l n  u s i n g  i s o t h e r m a l  a i r  a n d  w a t e r  m o d e l l i n g  
t e c h n i q u e s .  T h e  w o r k  a d o p t e d  t h e  r e c o m m e n d a t i o n s  o f  W i n t e r  
a n d  D e t e r d i n g 30 r e g a r d i n g  f l o w  v i s u a l i s a t i o n  -  a  t r e n d  w h i c h  
h a s  c o n t i n u e d  t o  t h e  p r e s e n t .
A  m o r e  t h e o r e t i c a l  s t u d y  o n  t h e  e f f e c t  o f  b u o y a n c y  o n  
t h e  f l a m e  p a t h  i n  s u c h  a  k i l n  w a s  c a r r i e d  o u t  b y  S m i t h  
u s i n g  t h e  o r i g i n a l  m e t h o d  d e v e l o p e d  b y  H o r n  a n d  T h r i n g 18 a n d  
d i s c u s s e d  e a r l i e r .  F r o m  a n  o b s e r v a t i o n  o f  t h e  i n v e r t e d  j e t  
f l a m e ,  a n  e x p r e s s i o n  w a s  d e v e l o p e d  t o  p r e d i c t  t h e  p a t h  o f  
a n  e n c l o s e d  j e t  i s s u i n g  h o r i z o n t a l l y  i n t o  t h e . k i l n  w i t h  
i n i t i a l  d e n s i t y  d i f f e r e n c e s ,  u p  t o  a  p o i n t  a t  w h i c h  t h e  
e f f e c t  o f  b u o y a n c y  c e a s e s  a n d  t h e  j e t  i s  n o  l o n g e r  d e f l e c t e d .
I n  r e c e n t  y e a r s  i t  h a s  b e e n  r e a l i z e d  t h a t  t h e  r a t e  o f  
r e a c t i o n  g o v e r n i n g  t h e  c o m b u s t i o n  o f  f u e l  i n  t h e  r o t a r y
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l c i l n  i s  p r i m a r i l y  d e p e n d e n t  o n  t h e  a e r o d y n a m i c  m i x i n g  o f  t h e  
c o n s t i t u e n t s .  R u h l a n d  16  u s e d  H o t t e l ' s  a c i d / a l k a l i  t e c h n i q u e  
t o  s i m u l a t e  s u c h  m i x i n g  a s  p a r t  o f  h i s  d e v e l o p m e n t  o f  a
u n i v e r s a l  f l a m e  l e n g t h  f o r m u l a .  J e n k i n s  8 9 , a n d  M o l e s ,  L a i n
8 8
a n d  S h a w  h a v e  u p - d a t e d  a n d  e x t e n d e d  R u h l a n d ' s  l i m i t e d  a n d  
o f t e n  i n a c c u r a t e  k i l n  d a t a  a n d  h a v e  r e d e v e l o p e d  t h e  f o r m u l a  
i n  t h e  l i g h t  o f  r e s u l t s  f r o m  p l a n t  t r i a l s  i n  w h i c h  f l a m e  
p e r f o r m a n c e  w a s  r e c o r d e d  f o r  c h a n g e s  i n  k i l n  p a r a m e t e r s  s u c h  
a s  b u r n e r  d i a m e t e r ,  e x c e s s  s e c o n d a r y  a n d  p r i m a r y  a i r  l e v e l s .  
T h e i r  c o m b i n e d  r e s e a r c h  h a s  r e s u l t e d  i n  a  m o r e  a c c u r a t e  p r e d i c t ­
i o n  o f  f l a m e  p r o f i l e s  a n d  h e a t  t r a n s f e r  f o r  t h e  k i l n  f l a m e .
T h e  n e u t r a l i z a t i o n  t e c h n i q u e  h a s  b e e n  f u r t h e r  r e f i n e d  t o
e n c o m p a s s  C o a n d a  n o z z l e  d e s i g n  i n v e s t i g a t i o n s  f o r  u s e  i n
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b u r n i n g  r e f i n e r y  g a s e s  a n d  f o r  o b s e r v a t i o n  o f  t h e  g a s  b u r n e r  
f l a m e  c h a r a c t e r i s t i c s  i n  g l a s s  m a n u f a c t u r i n g  t a n k s ,  a s  o r i ­
g i n a l l y  p e r f o r m e d  b y  I n m a n .  T h e  r e m a r k a b l e  s i m i l a r i t y  
b e t w e e n  t h e  a l k a l i  . ' f l a m e *  a n d  i t s  p r o t o t y p e  c o u n t e r p a r t  m a k e  
t h e  m e t h o d  a n .  i d e a l  d e m o n s t r a t i o n  u n i t  f o r  t e a c h i n g ,  a t  a  
g l a n c e ,  t h e  p r i n c i p l e s  o f  t u r b u l e n t  d i f f u s i o n  j e t  c o m b u s t i o n .
H o w e v e r ,  n o t  a l l  F E R G U S ' S  w o r k  h a s  b e e n  c o n f i n e d  e x c l u -
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s i v e l y  t o  i s o t h e r m a l  m o d e l s .  P a t t e r s o n  h a s  i n v e s t i g a t e d  
t h e  h e a t  t r a n s f e r  m o d e  i n v o l v e d  i n  t h e  n e t w o r k  o f  c h a i n s  
o f t e n  u s e d  i n  t h e  d r y i n g  s e c t i o n s  o f  l o n g  w e t - p r o c e s s  k i l n s .
I n  a  s c a l e  r e c o n s t r u c t i o n  o f  a  t y p i c a l  k i l n  s e c t i o n ,  h o t  
g a s e s ,  s u p p l i e d  f r o m  a n  a s s o c i a t e d  r e s e a r c h  f u r n a c e ,  w e r e  
f e d  i n t o  a  r o t a t i n g  c y l i n d e r ,  a g a i n s t  t h e  c o - f l o w i n g  c e m e n t  
s l u r r y .  T h e  t e m p e r a t u r e s  o f  e a c h  c o m p o n e n t  i n  t h e  s y s t e m  
w e r e  r e c o r d e d , l e a d i n g  u l t i m a t e l y  t o  t h e  c o n s t r u c t i o n  o f  a  
m a t h e m a t i c a l  i n t e r p r e t a t i o n  o f  t h e  s y s t e m .
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A t  t h e  o p p o s i t e  e n d  o f  t h e  p r o c e s s ,  M a n u e l p i l l a i  h a s  
s i m u l a t e d  t h e  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  o f  a  g r a t e  c o o l e r
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u s i n g  s i m i l a r  t e c h n i q u e s  t o .  t h o s e  o f  S a u n d e r s  a n d  F o r d  a n d  
L o f  a n d  H a w l e y  1 2 5  f o r  p a c k e d  b e d  h e a t  t r a n s f e r  s t u d i e s .
T h e  u n i q u e  L e p o l  g r a t e  m o d e l  w a s  o r i g i n a l l y  b u i l t ,  i n  
u n m o d i f i e d  f o r m ,  b y  M e e r a b u x 3 a n d  w a s  a n  i n t e g r a l  p a r t  o f  
t h e  d e v e l o p m e n t  o f  a  m a t h e m a t i c a l  m o d e l  c a p a b l e  o f  p r e d i c t i n g  
h e a t  t r a n s f e r  c o e f f i c i e n t s  a n d  t e m p e r a t u r e  p r o f i l e s  a l o n g  
t h e  c a l c i n e r  s e c t i o n .  T h e  p o l y s t y r e n e  b e a d  t r a c e r s  i n  t h e  
m o d e l  e x h i b i t e d  f l o w  p a t t e r n s  t h a t  s u p p l i e d  v i s u a l  e v i d e n c e  
a s  t o  w h y  t h e r e  i s  a  l i m i t e d  i n t e r a c t i o n  b e t w e e n  t h e  h o t t e s t  
k i l n  e x i t  g a s  w i t h  t h e  b e d  m a t e r i a l  a n d  c a u s e d  t h e  m a t h e m a ­
t i c a l  m o d e l  t o  b e  a l t e r e d  a c c o r d i n g l y .
I n  t h e  L e p o l  g r a t e ,  a t  s t e a d y  s t a t e ,  t h e  g a s  a n d  n o d u l e  
m o v e m e n t  i s  r e l a t i v e l y  s l o w .  T h e  t e m p e r a t u r e  o f  t h e  n o d u l e s  
w i l l  v a r y  w i t h  p o s i t i o n  i n  o n e  d i m e n s i o n  o n l y  -  t h a t  b e i n g  t h e  
l o n g i t u d i n a l  b e d  a x i s .  S u c h  a n  a s s u m p t i o n  f o r m s  t h e  f o u n ­
d a t i o n  o f  t h e  M e e r a b u x ’ c o n s t r u c t i o n  o f  a  t h e o r e t i c a l  m o d e l  
t o  p r e d i c t  b e d  t e m p e r a t u r e  a n d  h e a t  t r a n s f e r  c o e f f i c i e n t s  o n  
t h e  g r a t e .
T h e  d e s i g n  e q u a t i o n s  u s e d  t h e  a l g e b r a i c  h e a t  b a l a n c e :
e n t h a l p y  r i s e  o f  s o l i d s  o n  t h e  b e d  t o t a l  h e a t  t r a n s f e r  b y  c o n ­
v e c t i o n+ *r
e n e r g y  u s e d  f o r  c a l c i n i n g  e n e r g y  r a d i a t e d  f r o m  f u r n a c e
w a l l s+ + f
e n e r g y  r e - r a d i a t e d  f r o m  a n  i n c r e m e n t  =  e n e r g y  r a d i a t e d  f r o m
f u r n a c e  g a s e s
b u t  r e a r r a n g e d  i n  t e r m s  o f  t h e  E n t h a l p y  r i s e  o f  s o l i d s .
T h e  m o d e l  w a s  s i m p l i f i e d  b y  m a k i n g  s e v e r a l  f u r t h e r  
a s s u m p t i o n s :
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( 1 )  T h e  b e d  w a s  d i v i d e d  i n t o  f o u r  e q u a l  s t r a t a ,  t h e  u p p e r ­
m o s t  s t r a t u m ,  N o .  1 ,  r e c e i v i n g  h e a t  b y  r a d i a t i o n  a n d  
c o n v e c t i o n ,  w h i l e  t h e  r e m a i n i n g  t h r e e  r e c e i v e d  h e a t  b y  
c o n v e c t i o n  a n d  r a d i a t i o n  f r o m  t h e  a d j a c e n t  l a y e r  a b o v e ;
( 2 )  C o n d u c t i o n  i n  b o t h  h o r i z o n t a l  a n d  v e r t i c a l  d i r e c t i o n s  
w a s  n e g l i g i b l e ;
( 3 )  P a r t i c l e  r e s i s t a n c e  t o  h e a t  t r a n s f e r  w a s  n e g l i g i b l e ;
( 4 )  E a c h  s t r a t u m  w a s  d i v i d e d  i n t o  1 5  h o r i z o n t a l  i n c r e m e n t s ;
( 5 )  P l u g  f l o w  o f  g a s  t h r o u g h  t h e  b e d  w a s  a s s u m e d  -  o n l y  t o  b e  
m o d i f i e d  l a t e r  i n  t h e  l i g h t  o f  p h y s i c a l  m o d e l  o b s e r v a t i o n s .
T h i s  e n t h a l p y  r i s e  i n  e a c h  s t r a t u m ,  i l l u s t r a t e d  i n  F i g . 3 . 6  
w a s  e x p r e s s e d  a s
( T i  - T q )  me = a - y + S + e - r \  ( 3 . 2 5 )
f o r  s t r a t u m  1 ,  a n d
( T f  -  Tq ) m e  =  a  -  Y  +  V  ( 3 . 2 6 )
f o r  s t r a t a  2 ,  3 ,  4 ,  1
w h e r e  a  =  h e a t  t r a n s f e r  b y  c o n v e c t i o n  
=  h  .  A  .  T g  -  T  k c a l / h r
Y  =  e n e r g y  u s e d  f o r  c a l c i n i n g
=  f r a c t i o n  o f  m a s s  f l o w r a t e  t h r o u g h  c a l c i n e d
i n c r e m e n t  x  c a l o r i f i c  r e q u i r e m e n t  k c a l / h r .
6  =  e n e r g y  r a d i a t e d  f r o m  t h e  f u r n a c e  w a l l s  
=  A ^  F ^2  e w  a  T 4 k c a l / h r
e  =  A ^  F ^ 3  e g  a T 4 k c a l / h r
n  =  A 1 ,  a  T 4 k c a l / h r
V  =  e n e r g y  t r a n s f e r r e d  b y  r a d i a t i o n  b e t w e e n  t h e
i n c r e m e n t  b e i n g  c o n s i d e r e d  a n d  t h e  o n e  a b o v e .
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Figure 3 ,6 Heat balance for strata at steady state 3
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A n  i t e r a t i v e  p r o g r a m ,  i l l i u s t r a t e d  i n  F i g u r e s  3 .  6  a n d  
3 . 7 /  w a s  u s e d  t o  e v a l u a t e  t h e  s o l i d s  t e m p e r a t u r e  i n  e a c h  
s t r a t u m  a n d  i n c r e m e n t .  T h e  k i l n  g a s  a n d  m e a l  t e m p e r a t u r e s  
r e c o r d e d  b y  W e b e r  a t  t h e  e n d  o f  t h e  g r a t e  w e r e  u s e d  t o  
e s t a b l i s h  i n i t i a l  d a t a  c o n d i t i o n s  i n  t h e  p r o g r a m .  V a r i o u s  
h e a t  t r a n s f e r  c o e f f i c i e n t s  w e r e  i n s e r t e d  i n t o  t h e  c a l c u l a t i o n  
i n  o r d e r  t o  p r o d u c e  c u r v e s  o f  b e s t  a p p r o x i m a t i o n  t o  W e b e r ’ s  
e m p i r i c a l  g r a t e  t e m p e r a t u r e  v e r s u s  p o s i t i o n  r e s u l t s .
T h e  c o e f f i c i e n t s  u s e d  w e r e :
125
12L
1 8 . 6 8  l c c a l / h r  m 2 ° C  L o f  a n d  H a w l e y
5 4 . 0 5  k c a l / h r  m 2 ° C  S a u n d e r s  a n d  F o r d
on 125
4 8 . 5 1  k c a l / h r  m 2  C  G a m s o n  e t  a l .
7 7 . 8 0  k c a l / h r  m 2 ° C  D e n t o n  e t  a l . 1 2 7
T h e  p a s s i n g  o f  a  s t r e a m  o f  g a s  t h r o u g h  a  g r a n u l a r  b e d  i s  
m a t h e m a t i c a l l y  v e r y  c o m p l e x  d u e  t o  . t h e  v a r i a t i o n  o f  t e m p e ­
r a t u r e  i n  b o t h  g a s  a n d  s o l i d  p h a s e s  w i t h  r e s p e c t  t o  t i m e  
a n d  p o s i t i o n .  T h u s  t h e  l a r g e  v a r i a t i o n  i n  c o e f f i c i e n t s  i s  
d u e  t o  t h e  a s s u m p t i o n  t h a t  e a c h  g r o u p  m a d e  i n  a t t e m p t i n g  
t o  s o l v e  s u c h  a  p r o b l e m .
H o w e v e r ,  f r o m  t h e  c o m p u t e r  s i m u l a t i o n ,  t h e  L o f  a n d  
H a w l e y  c o - r e l a t i o n  g a v e  t e m p e r a t u r e s  o f  c l o s e s t  f i t  -  t h e  
r e m a i n i n g  c o e f f i c i e n t s  o v e r e s t i m a t i n g  t e m p e r a t u r e s  b y  u p  
t o  3 9 % .  ( F i g u r e  3 . 8  ) 3 * I t  i s  a p p a r e n t  t h a t  a n y  i n f l u e n c e  
i n c r e a s i n g  t h e  r e s i s t a n c e  t o  f l o w  b y  m a k i n g  t h e  g a s  s t r e a m  
f o l l o w  a  m o r e . t o r t u o u s  p a t h  t h e r e b y  l e a d i n g  t o  m o r e  h e a d - o n  
c o l l i s i o n s  w i t h  t h e  s o l i d s  i n  t h e  b e d  w i l l  i n c r e a s e  t h e  h e a t
Tg o u t
F o r  1 = 1  t o  1 5
Figure 3.7: Iterative programme for solids temperature.3
3-36
t r a n s f e r .  T h u s  g a s  v e l o c i t y  a n d  b e d  v o i d a g e  a r e  o f  p r i m e  
i m p o r t a n c e .
T h e  r e s u l t s  w e r e  l a t e r  m o d i f i e d  i n  t h e  l i g h t  o f  i s o ­
t h e r m a l  w a t e r  m o d e l  o b s e r v a t i o n s .  T h e s e  r e v e a l e d  a  l o s s  o f  
2 0 %  o f  t h e  b e d  t o  t h e  t r a n s f e r  o f  e x - k i l n  g a s e s .  T h i s  
p h e n o m e n o n  i m p l i e d  a n  i n c r e a s e  i n  L o f  a n d  H a w l e y ’ s  t r a n s f e r  
. c o e f f i c i e n t  b y  1 6 . 3 % .  T h e  p r e d i c t e d  t e m p e r a t u r e s  f o r  p l u g  
a n d  m o d i f i e d  f l o w  c o n d i t i o n s  i n  s t r a t a  1  a n d  4  i s  i l l u s t r a t e d  
i n  F i g u r e  3 . 9 .
T h e  r a d i a t i o n  c o n t r i b u t i o n  t o  e a c h  l e v e l  o f  t h e  b e d
w a s  a l s o  e s t i m a t e d :
I n i t i a l  i n c r e -  F i n a l  i n c r e m e n t
m e n t  ( k i l n - e n d  )  ( d r i e r  e n d )
S t r a t u m  1  1 9 . 4 4 %  2 2 . 6 6 %
S t r a t u m  2  1 . 7 5 %  9 . 6 %
S t r a t u m  3  0 . 1 8 8 %  9 . 5 %
S t r a t u m  4  0 . 0 9 7 %  7 . 6 %
T h e s e  r e s u l t s  g i v e  a  f i n a l  a v e r a g e  c o n t r i b u t i o n  o f  5 . 2 6 %  o f  
t h e  t o t a l  h e a t  t r a n s f e r  i n  t h e  c a l c i n e r  s e c t i o n ,  w h i c h  r e ­
p r e s e n t s  s o m e  6 . 3 5  x  1 0 5 k c a l / h r .
U n f o r t u n a t e l y ,  t h e r e  a r e  s e v e r a l  l i m i t a t i o n s  i n  t h e  
p r o g r a m  w h i c h  m a k e  i t  u n s u i t a b l e  f o r  a u x i l i a r y  f i r i n g  
t e m p e r a t u r e  p r e d i c t i o n .  T h e  m o s t  p r o m i n e n t  i s  t h e  t o t a l
5
r e l i a n c e  u p o n  W e b e r ' s  d a t a  w h i c h  l i m i t s  t h e  a p p l i c a b i l i t y  
t o  o n e  p a r t i c u l a r  p r o t o t y p e ,  w h i l e  t h e  i n t r o d u c t i o n  o f  a n  
a u x i l i a r y  f l a m e  w o u l d  i n v a l i d a t e  t h e  p r i n c i p a l  a s s u m p t i o n  
s u p p o r t i n g  t h e  p r o g r a m .
S T R A T U M  1
a long calcincr under plug flow conditions 2
S T R A T U M  1
m o d i f i e d  f l o w  u s i n g  t h e  L o f  a n d  H a w l e y  
c o r r e ] a t i o n . 3
I s o t h e r m a l  m o d e l l i n g  o f  s w i r l  c o m b u s t o r s  h a s  b e e n  w e l l  
e s t a b l i s h e d ,  w i t h  f l o w  p a t t e r n s ,  v e l o c i t y  p r o f i l e s  a n d  r e ­
c i r c u l a t i o n  z o n e s  g i v i n g  g o o d  a g r e e m e n t  w i t h  t h o s e  i n  
o p e r a t i o n a l  p r o t o t y p e s .  A t  c e r t a i n  g a s : a i r  m i x t u r e  r a t i o s  
t h e  r e l a t i v e  s i z e  a n d  s h a p e  o f  s u c h  p h e n o m e n a  s u c h  a s  r e v e r s e  
f l o w  z o n e s  h a v e  b e e n  a c c u r a t e l y  s i m u l a t e d  b y  i s o t h e r m a l  
t e c h n i q u e s .
T h e  m a i n  s o u r c e  o f  m o d e l l i n g  i n f o r m a t i o n  w a s  p r o v i d e d
b y  t h e  r e s e a r c h  c a r r i e d  o u t  f o r  F E R G U S  o n  t h e  a e r o d y n a m i c s
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a n d  p a r t i c l e  k i n e t i c s  i n  V o r t e x  I n c i n e r a t o r s  b y  T a t e .
A l t h o u g h  t h e  w o r k  i s  p r i m a r i l y  c o n c e r n e d  w i t h  v o r t e x  i n c i n ­
e r a t i o n ,  i t  p r o v i d e s  a n  u n d e r s t a n d i n g  o f  t h e  g e n e r a l  f i e l d  
o f  c o n f i n e d  v o r t e x  f l o w .  T h e  e x p e r i m e n t a l  i n v e s t i g a t i o n s  
f r o m  t h e  a s s o c i a t e d  m o d e l s  e s t a b l i s h e d  e q u a t i o n s  o f  t r a n s v e r s e  
v e l o c i t y  i n  t h e  f o r m :
m
v = l / r n ( l - e ' “ T )  ,  a = X / r m  . ( 3 . 2 7 )
i n  d i m e n s i o n l e s s  t e r m s  a s  a  f u n c t i o n  o f  r a d i u s ( r )  a n d  a  c o n s t a n t
/V
( a )  w h i c h  w a s  d e t e r m i n e d  b y  t h e  r a d i u s  o f  p e a k  v e l o c i t y  ( r ) .
T h e  c o n s t a n t s  ( m , n , X )  w e r e  t h e o r e t i c a l l y  d e r i v e d  t o  b e  
( m = 2 ,  n = l ,  X = 1 . 2 5 6 4 ) ,  b u t  i n  t h e  l i g h t  o f  e x p e r i m e n t a l  d a t a  
w e r e  f o u n d  t o  b e  m o r e  a c c u r a t e  a s  ( m = 3 ,  n = 3 / 4 ,  X = 2 , 3 3 6 7 ) .
F r o m  t h e  w o r k  i t  w a s  p o s s i b l e  t o  q u a n t i f y  t h e  e f f e c t  t h a t  
g e o m e t r i c  a n d  o p e r a t i o n a l  p a r a m e t e r s  o f  v o r t e x  c h a m b e r s  
h a v e  u p o n  t h e  r e s u l t a n t  c o n f i n e d  v o r t e x  f l o w  g e n e r a t e d  
w i t h i n  t h e m .
S u c h  a  k n o w l e d g e  o f  t h e  v e l o c i t y  p a t t e r n  w i t h i n  t h e  
c h a m b e r  w a s  u s e d  t o - p r e d i c t  t h e  p a t h  a n d  c o m b u s t i o n  r a t e  
o f  b o t h  l i q u i d  a n d  s o l i d  f u e l , i n j e c t e d  i n t o  t h e  v o r t e x ,  
f r o m  a  s o l u t i o n  o f  t h e  e q u a t i o n s  g o v e r n i n g  b o t h  c o m b u s t i o n
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V o l a t i l e  f r a c t i o n  b u r n i n g  t i m e -
and motion of the particle:
t  =  M w / 0 . 0 5 9 T m X 0 2 ( 1 8 0 0 ) ° - 7 S d 2 2 ( 3 . 2 8 )
jn v s
4
d y  =  d o ( 8 2 x l Q - 5 X  p y i ) 1 / 3  ( 3 . 2 9 )
Mw r
w h e r e
d v  =  I n i t i a l  d i a m e t e r  o f  v o l a t i l e  s p h e r e  ( m ) .
d Q  =  I n i t i a l  p a r t i c l e  d i a m e t e r  ( m )  .
3
p q  =  I n i t i a l  d e n s i t y  o f  s o l i d  p a r t i c l e  ( k g / m  ) .  
T m  =  M e a n  t e m p e r a t u r e .
M w  =  M o l e c u l a r  w e i g h t  o f  v o l a t i l e s .
X q 2 ~  ^ 2  m a s s  f r a c t i o n  i n  a m b i e n t  a i r .
S o l i d  f r a c t i o n  b u r n i n g  t i m e -
t  —  p R T  d  ( " z  7 n ' )s m o  [3.3UJ
1 4  4  <f> D p
w h e r e
R  =  G a s  c o n s t a n t  ( a t m / m ^ / k g  m o l e  K ° )  
cf> =  M e c h a n i s m  f a c t o r ,  = 2  f o r  0 < d Q < 4 0 0 i i .
2
D  =  D i f f u s i o n  c o - e f f i c i e n t  o f  o x y g e n  ( m  / s e c )  
p  =  P a r t i a l  p r e s s u r e  o f  o x y g e n  i n  g a s .
a n d
T 1*75
p  =  3 . 1 3  - J L   . -  ( 3 . 3 1 )
1 5 0 0  p
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x  =  F x  y  =  F y  ,  z  =  F z .  ( 3 . 3 2 )
Equations of motion:
D e n o t i n g  t h e  i n i t i a l  v e l o c i t y  o f  e a c h  p a r t i c l e  a t  t i m e  
z e r o  a s  (  x  ,  f ,  z  ) ,  t h e  v e l o c i t y  o f  t h e  p a r t i c l e  a t  
a n y  t i m e  ( t )  w a s :
t
*  =  * o  +  o | £ - d t * ■ ( 3 . 3 3 )
y = yo +  o N - d t .  ( 3 . 3 4 )
m
4 s= £ 0 + * * : F z . d t .  ( 3 . 3 5 )
D e n o t i n g  t h e  i n i t i a l  p o s i t i o n  o f  t h e  p a r t i c l e  a s  
( W o * z o > >  ^ e  P 0 ! ! 011 °T t L - e  p a r t i c l e  a t  a n y  t i m e  ( t )  w a s
X = x o  + R x . d t ,  ( 3 . 3 6 )
y  =  y o  +  q L  -  d t ,  ( 3 . 3 7 )
2 =  z 0  +  I t z . d t .  ( 3 . 3 8 )
F r o m  e q u a t i o n  3 - 3 6  b y  i n t e g r a t i o n ,  t h e  p a r t i c l e  m o t i o n  
w a s  m a p p e d  o u t  a g a i n s t  t i m e  g i v e n  t h e  i n i t i a l  c o n d i t i o n s  
( * o , * o » * 0 ) >  ( x o J o ’ Z o ^  f u n c t i ° n s  f o r c e  o n  t h e  p a r t i c l e
( F x , F y , F z )  a n d  t h e  p a r t i c l e  m a s s ( m ) .
T w o  r e s u l t a n t  c o m p u t e r  s i m u l a t i o n  p a t h s  o f  c o a l  a n d  o i l  
p a r t i c l e s  a r e  i l l u s t r a t e d  i n  f i g u r e  3 - 1 0 .
p u n  E I e v a t i o n
1 5 0 u  O i l  D r o p l e t  A x i a l  I n j e c t i o n
R a d i u s  . 5 0 0 0  H e i g h t  1 . 0 0 0 0
p u n  E l e v a t i o n
1 5 0 y  C o a l  P a r t i c l e  A x i a l  I n j e c t i o n
R a d i u s  . 5 0 0 0  H e i g h t  1 . 0 0 0 0
Figure 3-10 Computer simulation of Burning Droplet 128
CHAPTER 4
Plate 4.1 Overall view of water model


CHAPTER 4
A n  o v e r a l l  v i e w  o f  t h e  a p p a r a t u s  a n d  i t s  c o n s t r u c t i o n  i s  
i l l u s t r a t e d  i n  P l a t e  4 . 1 .  T h e  m o d e l  i t s e l f ,  w a s  f a b r i c a t e d  
i n  p e r s p e x ,  w i t h  w a t e r  b e i n g  u s e d  a s  t h e  o p e r a t i n g  f l u i d .
P l a t e  4 . 2  i s  a  l i n e  f l o w  d i a g r a m  i l l u s t r a t i n g  t h e  
a r r a n g e m e n t  o f  t h e  c l o s e d  p r i m a r y  a n d  i n t e r m e d i a t e  l o o p  a n d  
t h e  o p e n  a u x i l i a r y  c i r c u i t .
I n  t h e  c l o s e d  l o o p ,  p u m p  A  s u p p l i e s  a d e q u a t e  f l o w  t o  t h e  
c a l c i n e r  s e c t i o n  o f  t h e  m o d e l  t h r o u g h  t h e  k i l n  t u b e .  T h e  
i n t a k e s  b e l o w  t h e  g r a t e  i n  t h e  c a l c i n e r  s e c t i o n  a n d  a n  " a l l c a l  
b y - p a s s "  o f f t a k e  s e t  i n  t h e  m o d e l  r o o f  s u p p l y  f l u i d  t o  t h e  
i n p u t  s i d e  o f  t h e  i n t e r m e d i a t e  p u m p  B . a n d  o n  i n t o  t h e  d r i e r  
s e c t i o n  v i a  a  b r a s s  m a n i f o l d  i n  t h e  r o o f .  A s  i n  t h e  c a l c i n e r  
s e c t i o n ,  t h r e e  s u c t i o n  t u b e s  s i t u a t e d  b e l o w  t h e  g r a t e  w i t h ­
d r a w  f l u i d  f r o m  t h e  d r i e r  s e c t i o n ,  d i r e c t i n g  i t  t o  t h e  i n p u t  
o f  p u m p  A  -  t h e r e b y  c o m p l e t i n g  t h e  c i r c u i t .
T h e  a u x i l i a r y  f i r i n g  a r r a n g e m e n t  w a s  p r o v i d e d  b y  a  . 
s e p a r a t e ,  i n d e p e n d e n t l y  c o n t r o l l e d  f l o w  s y s t e m ,  c o n s i s t i n g  o f  
a  s u m p ,  p o s i t i v e  d i s p l a c e m e n t  p u m p  a n d  a s s o c i a t e d  c o n d u i t .
B y  u s i n g  w a t e r  a s  t h e  o p e r a t i n g  f l u i d ,  t h e  s i m i l a r i t y  
b e t w e e n  t h e  i s o t h e r m a l  s c a l e  m o d e l  a n d  t h e  p r o t o t y p e  c o u l d  b e  
a c h i e v e d  a t  a .  v e r y  m u c h  r e d u c e d  v e l o c i t y  c o m p a r e d  w i t h  a i r  
m o d e l l i n g  t e c h n i q u e s .  S u c h  a  r e d u c t i o n  e n a b l e d  t h e  r e c o r d i n g  
o f  q u a l i t a t i v e  r e s u k . t s  a t  t h e  t i m e  t h e  f l o w  e x i s t e d .
DESCRIPTION OF THE HYDRAULIC SYSTEM
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4 . 1  F l o w  V i s u a l i z a t i o n
30
F o l l o w i n g  t h e  r e c o m m e n d a t i o n s  o f  W i n t e r  a n d  D e t e r d m g  
p o l y s t y r e n e  b e a d s  w e r e  u s e d  f o r  e s t a b l i s h i n g  t h e  f l o w  v i s u a l ­
i z a t i o n  w i t h i n  t h e  m o d e l .  T h e  s m a l l  b e a d s ,  r e f e r r e d  t o  
c o m m e r c i a l l y  a s  p a c k a g i n g  m e d i u m ,  a r e  t h e  p r i m a r y  m a t e r i a l  
i n  t h e  m a n u f a c t u r e  o f  p o l y s t y r e n e  d r i n k i n g  c u p s ,  p a c k a g i n g  
f o a m ,  s u r f  b o a r d  b l a n k s , e t c . I n  t h e i r  u n t r e a t e d ,  p r e - e x p a n d e d  
f o r m  t h e y  e x h i b i t  t h e  f o l l o w i n g  q u a l i t i e s :
( i )  T h e y  r e m a i n  a s  d i s c r e t e  b o d i e s  w i t h i n  t h e  s y s t e m ;
( i i )  T h e y  p o s s e s s  a  s p e c i f i c  g r a v i t y  c l o s e  t o  t h a t  o f  t h e  
m e d i u m ,  a l o n g  w i t h  a  r e l a t i v e  d e n s i t y  r a n g i n g  f r o m  0 . 9 3 - 1 . 0 5 ;
( i i i )  T h e y  a r e  s p h e r i c a l ;
( i v )  T h e y  p o s s e s s  t h e  o p t i c a l  p r o p e r t y  o f  h a v i n g  h i g h l y  
p r o p o r t i o n a l  r e f l e c t i o n  o r  r e - r a d i a t i o n  o f  l i g h t  n o r m a l  t o  
t h e  i n c i d e n t  b e a m .
I n  o r d e r  t o  s u p p l y  a  s i m p l e  i n d i c a t i o n  o f  d i r e c t i o n  
i n  t h e  f l o w  r e g i m e  ,  b l a c k  o r  w h i t e  h o u s e h o l d  c o t t o n  t h r e a d  
w a s  t i e d  t o  t h e  i n d i v i d u a l  s t r a n d s  o f  t h e  s t a i n l e s s  s t e e l  
m e s h  r e p r e s e n t i n g  t h e  f i x e d  v o i d a g e  g r a t e  b e d .
4 . 2  D e s i g n  a n d  C o n s t r u c t i o n  o f  t h e  A p p a r a t u s
T h e  1  : 2 4 t h  s c a l e  g e o m e t r i c  m o d e l ,  o r i g i n a l l y  c o n s t r u c t e d  
b y  M e e r a b u x 3 w a s  b a s e d  o n  a  2 0 . 1  m ,  l o n g ,  4 . 1  m .  w i d e  L e p o l  
g r a t e  p r e h e a t e r  p r o t o t y p e .  A s  t h e  c h i e f  a r e a  o f  i n t e r e s t  o f  
i n v e s t i g a t i o n  w a s  o f  t h e  a e r o d y n a m i c s  a r o u n d  t h e  g r a t e ,  o n l y  
1 / 3  o f  t h e  a s s o c i a t e d  p r o t o t y p e  k i l n  l e n g t h  w a s  m o d e l l e d .



P l a t e  4 . 3  i s  a  c l o s e - u p  o f  t h e  c a l c i n e r  s e c t i o n ,  r e d u c e d  l e n g t h  
k i l n  a n d  a u x i l i a r y  s w i r l  b u r n e r .
C o n s t r u c t i o n  o f  t h e  p r e h e a t e r  w a s  c a r r i e d  o u t  u s i n g  1 ”
t h i c k ,  c l e a r fp e r s p e x .  T o  p r o v i d e  s u f f i c i e n t  s t r e n g t h  i n  
a r e a s  o f  h i g h  p r e s s u r e  v a r i a t i o n ,  a l l  j o i n t s  n o r m a l l y  g l u e d ,  
w e r e  g i v e n  a d d e d  p r o t e c t i o n  w i t h  s c r e w  f a s t e n i n g s .
T h e  c a l c i n e r ,  d r i e r  a n d  a l k a l i - b y p a s s  i n t a k e  t u b e s ,  
a l o n g  w i t h  t h e  d r i e r  s e c t i o n  m a n i f o l d , . . w e r e  a l l  f a b r i c a t e d  i n  2 4  
g u a g e  c o r r o s i o n  r e s i s t a n t  s . t a a n T e s s s t e e l  p l a t e .  T h e  p e r m a n e n t  
e n d - s e c t i o n  o f  t h e  m o d e l  w a s  d r i l l e d - o u t  a n d  r e p l a c e d  b y  a n y  
o n e  o f  t h r e e ,  e a s i l y  r e m o v a b l e , p e r s p e x  b u r n e r  p l a t f o r m s ,  t h e i r
d e s i g n  a n d  c o n s t r u c t i o n  i l l u s t r a t e d  i n  P l a t e s  4 . 4  - 4 . 7 .
E a c h  o f  t h e  b u r n e r s  w a s  t u r n e d  f r o m  o r  1 "  O . D .  s t a i n ­
l e s s  s t e e l  t u b e ,  w i t h  t h e  " f i r i n g "  e n d  o f  e a c h  b e i n g  t a p p e d  
t o  a c c e p t  o n e  o f  a  n u m b e r  o f  b r a s s  n o z z l e s  o f  d i f f e r e n t  
s i z e  o r  a n g l e .
T h e  V o r t e x  c h a m b e r ,  P l a t e s  4 . 8  a n d  4 . 9 ,  w a s  f a b r i c a t e d  
i n  t h i n  w a l l  ( ^ " )  p e r s p e x ,  w i t h  t a n g e n t i a l  a n d  a x i a l  i n l e t s  
o f  t h e  s a m e  m a t e r i a l .  T h e  o u t p u t  n o z z l e  w a s  a g a i n  o f  s t a n d a r d  
1 "  O . D .  s t a i n l e s s  t u b e .
U n l i k e  t h e  " c o n v e n t i o n  b u r n e r s "  t h e  u n i q u e  v e l o c i t y  
p r o f i l e  o f  t h e  v o r t e x  u n i t  p r e c l u d e d  t h e  u s e  o f  a n g l e d  n o z z l e s  
i n  o r d e r  t o  s i m u l a t e  f i r i n g  t h r o u g h  a  v i r t u a l  * p o s i t i o n  i n  
t h e  c a l c i n e r  r o o f ' .  I t  w a s  t h e r e f o r e  . n e c e s s a r y  t o  m a c h i n e  a  
b a l l  a n d  s o c k e t  m o u n t i n g  f o r  t h e  b u r n e r .
Plate 4.4 Calciner end-sections - parallel burners
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Plate 4.8 Vortex chamber and "ball and socket" arrangement








T h e  b r a s s  b a l l ,  w i t h  a n  o f f - s e t  o r i f i c e ,  w a s  h e l d  f i r m l y  
a g a i n s t  t h e  p e r s p e x  s o c k e t  b y  a  p l a t e  a n d  f o u r  s p r i n g  l o a d e d  
b r a s s  s t u d s .  A c h a n n e l  w a s  m i l l e d  i n t o  t h e  p e r s p e x  s o c k e t  t o  
p r o v i d e  a  s e a t  f o r  a  r u b b e r  " 0 "  r i n g  s e a l .
P a s s i v e  m o d i f i c a t i o n s  w e r e  a l s o  i n t r o d u c e d  i n t o  t h e  
c a l c i n e r  s e c t i o n  o f  t h e  g r a t e  i n  a n  a t t e m p t  t o  c h a n g e  t h e  
o v e r a l l  f l o w  d i s t r i b u t i o n  a b o v e  t h e  b e d .  A n  a l u m i n i u m  p l a t e  
w a s  i n s t a l l e d  a b o v e  t h e  g r a t e  t o  r e p r e s e n t  a  s l o p e d  r o o f ,  w h i l e  
t w o  t h i n  ( a " ) ,  p e r s p e x  b a f f l e s ,  c u t  t o  t h e  s h a p e  o f  t h e  s u c t i o n  
c h a m b e r  w e r e  i n s t a l l e d  i n  v a r i o u s  p o s i t i o n s  b e l o w  t h e  g r a t e .  
P l a t e  4 . 1 0  i s  a n  i l l u s t r a t i o n  o f  t h e s e  p a s s i v e  d e v i c e s .
4 . 2 !  F l u i d  D e l i v e r y
T h e  c o m p l i c a t e d  f l o w  s c h e m e ,  i l l u s t r a t e d  i n  P l a t e  4 . 2  
w a s  f a b r i c a t e d  u s i n g  m a t e r i a l s  t h a t  s a t i s f i e d  t h e  r e q u i r e ­
m e n t s  o f  o p e r a t i o n a l  f l e x i b i l i t y  a n d  c o r r o s i o n  r e s i s t a n c e .
" L e  B a s "  UPVC p i p i n g  w a s  u s e d  f o r  t h e  r i g i d  c o n d u i t  i n  t h e  
s y s t e m ,  w i t h  4 "  d i a m e t e r  f o r  t h e  e x - k i l n  d e l i v e r y  a n d  c o l l e c t i o n  
d i r c u i t .  T h e  r e d u c e d  w a l l  t h i c k n e s s  o f  t h i s  t u b i n g  n e c e ­
s s i t a t e d  t h e  g l u i n g  o f  a l l  j o i n t s  f o r  b e n d s  a n d  v a l v e s .
T h e  i n t e r m e d i a t e ,  a l k a l i  b y - p a s s  a n d  a u x i l i a r y  f l o w s  
w e r e  c o n d u c t e d  t h r o u g h  t h i c l c - w a l l e d  2 "  d i a m e t e r  PVC p i p i n g ,  
b e i n g  s u i t a b l e  f o r  t h r e a d i n g  t o  a c c e p t  a s s o c i a t e d  p l a s t i c  
f i t t i n g s  s u c h  a s  b e n d s ,  v a l v e s ,  b l a n k s  a n d  r e d u c e r s .
P o l y t h e n e  t u b i n g  w a s  u s e d  t o  c o n n e c t  t h e  a u x i l i a r y  
b u r n e r s  t o  t h e  r i g i d  c o n d u i t  v i a  a  v a l v e d  m a n i f o l d .  S u c h  
a n  a r r a n g e m e n t  a l l o w e d  f o r  q u i c k  a n d  e a s y  c o n f i g u r a t i o n
4 - 1 4
a r i d  p o s i t i o n  c h a n g e s .  O n e  o t h e r  a d v a n t a g e ,  r e a l i z e d  l a t e r  i n  
t h e  i n v e s t i g a t i o n ,  w a s  t h e  t u b i n g ’ s  r e s e a l i n g  p r o p e r t i e s ,  
a l l o w i n g  n i g r o s e n e  d y e  t r a c e r  t o  b e  i n j e c t e d  t h r o u g h  t h e  
f l e x i b l e  w a l l s  b y  m e a n s  o f  a  s y r i n g e .
T w o  p o l y t h e n e  t a n k s ,  e a c h  c a p a b l e  o f  h o l d i n g  2 9 5  g a l l o n s ,  
s u p p l i e d  w a t e r  t o  t h e  m o d e l  -  o n e  f o r  t h e  m a i n  s y s t e m ,  o n e  
f o r  t h e  a u x i l i a r y .  A r e c y c l e  r e t u r n  p i p e  t o  b o t h  t a n k s  g e n e ­
r a t e d  e n o u g h  t u r b u l e n c e  t o  a d e q u a t e l y  d i s p e r s e  t h e  p o l y s t y r e n e  
b e a d  t r a c e r s  a d d e d  t o  t h e  w a t e r .
T o  m a x i m i z e  a v a i l a b l e  l a b o r a t o r y  f l o o r  s p a c e ,  a s  w e l l  a s  
p r o v i d e  a d e q u a t e  h e a d  f o r  t h e  p u m p s ,  t h e  s u m p s  w e r e  m o u n t e d  
a t o p  a  2m t o w e r  -  t h e  a c c e s s  l a d d e r  a n d  o n e  l e g  v i s i b l e  i n  t h e  
b a c k g r o u n d  o f  P l a t e  4 . 1 .  T h e  c h a r a c t e r i s t i c s  o f  t h e  t h r e e  
p u m p s  w e r e :
( i )  M a i n  s y s t e m .  A .  4 0  m / 3 5  -5HP 3 0 0  g p m  W o r t h i n g t o n  S i m p s o n ,
3 0  f t  h e a d  c e n t r i f u g a l ;
B .  2 0  m / 2 / 3 9 A  5HP 1 0 0  g p m  W o r t h i n g t o n - S i m p s o n , 
9 0  f t . h e a d  c e n t r i f u g a l .
( i i )  A u x i l i a r y  s y s t e m .  1 0 0  g p m  M o n o p u m p
p o s i t i v e  d i s p l a c e m e n t .
T h e  p o s i t i v e  d i s p l a c e m e n t  u n i t  w a s  f o u n d  t o  b e  n e c e s s a r y  t o  
p r o v i d e  c o n s t a n t  v o l u m e t r i c  f l o w  f o r  t h e  v a r i o u s  n o z z l e  s i z e s .
T h e  m a i n  s u m p  i s o l a t e r ,  k i l n  d e l i v e r y  a n d  c o l l e c t i o n  
d u c t  f l o w  w e r e  a l l  c o n t r o l l e d  u s i n g  2 "  o r  4 ”  r u b b e r l i n e d  
b u t t e r f l y  v a l v e s  a n d  2 ”  UPVC b a l l  o r  g l o b e  v a l u e s .  A n  o u t ­
p u t  r e c y c l e  s y s t e m  w a s  i n c o r p o r a t e d  i n t o  e a c h  p u m p ,  p r o v i d i n g  
a  m e a s u r e  o f  c o a r s e  f l o w  c o n t r o l  a s  w e l l  a s  r e d u c i n g  t h e
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Plate 4.12 Positive displacement auxiliary pump,auxiliary and drier section flow control
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p o s s i b i l i t y  o f  c a v i t a t i o n  i n  t h e  p u m p  f r o m  a  t h r o t t l i n g  o f  
t h e  o u t p u t .  F i n e  c o n t r o l  w a s  p r o v i d e d  b y  2 "  a n g l e  s e a t  
v a l v e s ,  w i t h  q u a n t i t a t i v e  m e a s u r e m e n t  d i s p l a y e d  t h r o u g h  t h e  
a i d  o f  3 5 ,  4 7  o r  6 0  mm d i a m e t e r  R o t a m e t e r  f l o w  m e t e r s  o r  1 "  
o r i f i c e  p l a t e s  a n d  a s s o c i a t e d  " U "  t u b e  m a n o m e t e r s .
P l a t e  4 . 1 1  i l l u s t r a t e s  t h e  m a i n  s y s t e m  p u m p s ,  p i p e w o r k  
a n d  c a l c i n e r  s u c t i o n  a n d  a l k a l i  b y - p a s s  R o t a m e t e r s ,  w h i l e  
P l a t e  4 . 1 2  i s  o f  t h e  a u x i l i a r y  p o s i t i v e  d i s p l a c e m e n t  u n i t  
a n d  d r i e r  s u c t i o n  f l o w  c o n t r o l .
4 . 2 . 2  B e d  R e s i s t a n c e
T h e  r e s i s t a n c e  o f  t h e  n o d u l e  b e d  i n  t h e  p r o t o t y p e ,  w i t h  a  
m e a n  v o i d a g e  o f  0 . 4 0 ,  w a s  s i m u l a t e d  b y  a  s t a i n l e s s  s t e e l - m e s h ,  
s p o t - w e l d e d  t o  a  r i g i d  s t a i n l e s s  s t e e l  s t r i p  f r a m e  a n d  
s l i d  i n t o  t h e  m o d e l  f r o m  t h e  o p e n  e n d  o f  t h e  c a l c i n e r .
Two  p e r s p e x  r u n n e r s  g l u e d  t o  t h e  i n s i d e  o f  t h e  m o d e l  s u p p o r t ­
e d  t h e  f r a m e  a n d  m e s h .  T h e  d i m e n s i o n s  o f  w i r e  u s e d  a r e  
s t a t e d  b e l o w :
d i a m e t e r  o f  w i r e  l e n g t h  o f  e n c l o s e d
a i r  s p a c e
0 . 0 1 0  ' 0.020
0 . 0 2 0  0 . 0 6 0
4 . 2 . 3  L i g h t i n g  a n d  P e r m a n e n t  R e c o r d
O f  a l l  t h e  o p e r a t i o n s  i n v o l v e d  i n  t h e  i n v e s t i g a t i o n ,  
l i g h t i n g  t h e  m o d e l  a d e q u a t e l y  p r o v e d  t o  b e  t h e  m o s t  d i f f i c u l t  
a n d  i r k s o m e .  T h e  r e a s o n s  f o r  s u c h  a  d i f f i c u l t y  w e r e :
v o i d a g e  b a s e d  
o n  a r e a
0 .  2 5
0 . 3 6
4 - 1 8
( 1 )  T h e  c u r v e d  r o o f  o f  t h e  c a l c i n e r  s e c t i o n ,  a l t h o u g h  e n c l o s e d  
i n  a  w a t e r  f i l l e d  p e r s p e x  b o x  s e c t i o n ,  r e f l e c t e d  l i g h t  d i r e c t l y  
i n t o  t h e  c a m e r a  l e n s ,  c r e a t i n g  a r e a s  o f  o v e r e x p o s u r e  o n  t h e  
s t i l l  f i l m .
( 2 )  T h e  s t a i n l e s s  s t e e l  g a u z e ,  u s e d  t o  s i m u l a t e  t h e  b e d  r e s i s t ­
a n c e , r e d u c e d  t h e  l i g h t  i n t e n s i t y  f r o m  s o u r c e s  a b o v e  t h e  m o d e l  
t o  s u c h  a n  e x t e n t  t h a t  t h e r e  w a s  o n e  c a m e r a  a p e r t u r e  s t o p  
d i f f e r e n c e  b e t w e e n  t h e  a b o v e - g r a t e  a n d  s u c t i o n  c h a m b e r  o f
t h e  c a l c i n e r  s e c t i o n .
( 3 )  T h e  s l o p i n g  s u r f a c e s ,  o f  t h e  s e c t i o n ,  f r o m  t h e  r i d d l i n g s  
i n p u t  t o  i m m e d i a t e l y  b e l o w  t h e  s u c t i o n  t u b e s ,  g e n e r a t e d  
e x c e s s i v e  i n t e r n a l  r e f l e c t i o n ,  p a r t i c u l a r l y  w h e n ,  i n  t r y i n g  
t o  r e d u c e  t h e  e f f e c t  i n  ( 2 )  a b o v e ,  a n  e x t r a  l i g h t  s o u r c e  w a s  
i n t r o d u c e d  b e l o w  t h e  m o d e l .
( 4 )  T h e  c a l c i n e r  s u c t i o n  t u b e s  a n d  a u x i l i a r y  b u r n e r s  o b s t r u c t e d  
l i g h t  f r o m  t h e  l a m p s ,  c a s t i n g  s h a d o w s  a c r o s s  t h e  l o w e r  s e c t i o n  
o f  t h e  m o d e l .
( 5 )  B u b b l e s  o f  a i r ,  g e n e r a t e d  b y  p r e s s u r e  c h a n g e s  i n  t h e  
s y s t e m  f r o m  b e n d s  i n  t h e  p i p e w o r k ,  p u m p  i m p e l l e r s  a n d  t h e  s m a l l  
o r i f i i  i n  t h e  a u x i l i a r y  b u r n e r s  r e n d e r e d  t h e  w a t e r
o p a q u e ,  t h u s  r e d u c i n g  t h e  a l l  i m p o r t a n t  c o n t r a s t .
( 6 )  T h e  p o l y s t y r e n e  b e a d  t r a c e r s  d i d  n o t  t r a v e l  t h r o u g h  t w o  
d i m e n s i o n s  o n l y ,  b u t  m o v e d  b a c k  a n d  f o r t h  i n  t h e  c a m e r a  
l e n s ’ s  d e p t h '  o f  f i e l d .  T o  e l i m i n a t e  t h e  p r o b l e m  r e q u i r e d  
s t o p p i n g  d o w n  t o  f 2 2  a n d  i n c r e a s i n g  t h e  i n t e n s i t y  o f  t h e  
l i g h t  s o u r c e s .  ( S e e  ( 1 ) ,  ( 2 ) ,  ( 3 ) ,  ( 4 ) ,  ( 5 )  a b o v e )
A p e r m a n e n t  r e c o r d  o f  t h e  f l o w  s t r e a m l i n e s  o f  t h e  w h i t e  
p o l y s t y r e n e  b e a d s  w a s  r e c o r d e d  o n :
( a )  h i g h  s p e e d  f i l m ,  2 0 0  f p s ,  u s i n g  a  H y c a m  K 2 0  c a m e r a ;
( b )  4 0 0  A S A ,  3 5  mm s t i l l  f i l m ,  u s i n g  a  P e n t a x  S P 1 0 0 0  s i n g l e  
l e n s  r e f l e x  c a m e r a ,  a t  1 / 3 0  s e c ,  f 2 2 ,  a n d  f l 6  w i t h  5 5  mm 
m a c r o  l e n s ;
( c )  VHS f o r m a t  v i d e o  f i l m  o n  a  J V C  r e c o r d e r  b y  a ’L i n k 1 c a m e r a .  
P l a y b a c k  o n  a  c o m p a t i b l e  m o n i t o r  i n c o r p o r a t e d  a  s t a n d a r d ,  
s l o w  a n d  s t i l l  f r a m e  f a c i l i t y .
T h e  v i d e o  c a m e r a  w a s  s p e c i f i c a l l y  a d a p t e d  b y  t h e  m a n u ­
f a c t u r e r  t o  s u i t  F E R G U S ’ r e q u i r e m e n t s  f o r  a l l  i s o t h e r m a l  m o d e l  
w o r k ;  e x h i b i t i n g  h i g h  r e s o l u t i o n  a n d  c o n t r a s t  u n d e r  a d v e r s e  
l i g h t i n g  c o n d i t i o n s  -  L i n k ’ s  m a i n  a c t i v i t y  i s  c o n c e r n e d  w i t h  
s e c u r i t y  m o n i t o r i n g  a n d  n i g h t - t i m e  s u r v e i l l a n c e  s y s t e m s .
T h e  r e s u l t s  w e r e  r e c o r d e d  a n d  r e p l a y e d  o n  a  h i g h  r e s o l u t i o n  
m o n i t o r ,  t o  b e  t h e n  h a n d - t r a c e d  o n t o  p a p e r .  A h a r d  c o p i e r  
l i n k e d  t o  t h e  r e c o r d e r  i s  p r o p o s e d  f o r  f u t u r e  w o r k .
T h e  v i d e o  f o r m a t  h a s  s e v e r a l  a d v a n t a g e s  o v e r  o t h e r  
t e c h n i q u e s :
( 1 )  i n s t a n t a n e o u s  r e c o r d i n g ,  p l a y b a c k  a n d  e r a s u r e ;
( 2 )  i n s t a n t a n e o u s  f o c u s ,  a p e r t u r e  a n d  e x p o s u r e  c o r r e c t i o n ;
( 3 )  s t i l l ,  s l o w  a n d  f a s t  m o t i o n  p l a y b a c k ;
( 4 )  v o i c e - o v e r  r e c o r d i n g  f o r  p e r t i n e n t  c o m m e n t s ;
( 5 )  r u n n i n g  c o s t s .
P l a t e  4 . 1 3  shows t h e  v i d e o  r e c o r d i n g  s y s te m  i n  o p e r a t i o n .
T h e  l i g h t i n g  f o r  t h e  v i d e o  a n d  s t i l l  f i l m i n g  w a s  p r o v i d e d  b y  
t w o  f a n - c o o l e d ,  q u a r t z  h a l o g e n  s p o t l a m p s ,  g i v i n g  a  t o t a l  o f  
2 4 0 0  w a t t s  a t  a  d i s t a n c e  o f  1 2  i n c h e s  f r o m  t h e  t o p  o f  t h e  m o d e l .
4 . 3  O p e r a t i o n  o f  t h e  M o d e l
A l t h o u g h  p e r s p e x  i s  a n  i d e a l  m a t e r i a l ,  c o n t i n u a l  o p e r a t i o n  
o f  t h e  m o d e l  h a d ,  o v e r  t h e  c o u r s e  o f  t h e  i n v e s t i g a t i o n ?
” w o r k - h a r d e n e d Mt h e  c o m p o n e n t s  l e a d i n g  t o  a  w e a k e n i n g  o f  
m a n y  o f  t h e  j o i n t s .  T h e r e f o r e  s t a r t i n g  a n d  r u n - u p  w a s  l i k e n e d  
t o  d r i v i n g  a  v e t e r a n  c a r ,  r e q u i r i n g  c a r e  a n d  c o n s t a n t  v i g i l a n c e .  
A l l  t h e  v a l v e s  w e r e  s l o w l y  o p e n e d  t o  g r a d u a l l y  f i l l  t h e  m o d e l  
w i t h  w a t e r ,  a n d  r e m a i n e d  s o  f o r  a t  l e a s t  1 0  m i n u t e s  a f t e r  
s t a r t - u p  i n  o r d e r  t o  a l l o w  m o s t  o f  t h e  a i r  t o  b l e e d  f r o m  t h e  
s y s t e m  a n d  a l s o  p r e v e n t  a n y  s u d d e n  b u i l d - u p  o f  p r e s s u r e  o r  s u c t i o
T h e  p o l y s t y r e n e  b e a d s  w e r e  e m p t i e d  i n t o  t h e  s u m p s ,  w h e r e  
a  v i g o r o u s  s t i r  a n d  r e t u r n  f l o w  f r o m  t h e  m o d e l  p r o v e d  e n o u g h  
t o  e n s u r e  a  r e l a t i v e l y  e v e n  d i s t r i b u t i o n .  D u e  t o  t h e  h i g h  
h e a t  o u t p u t  o f  l i g h t s ,  i l l u m i n a t i o n  w a s  p r o v i d e d  o n l y  w h e n  
r e q u i r e d  a s  a  p r e c a u t i o n  a g a i n s t  m e l t i n g  t h e  m o d e l  s u r f a c e  
o r  t h e  r i g i d  P V C  p i p i n g .
4 . 3 !  R e y n o l d s  N u m b e r s  i n  t h e  M o d e l
T h e  R e y n o l d s  n u m b e r  i n  t h e  p r o t o t y p e  k i l n  b a s e d  o n  t h e  j
c a l c i n e r  g r a t e  a r e a  w a s  4 . 1 3  x  1 0 4 . T h i s  f i g u r e ,  h o w e v e r ,  
w a s  f a r  b e y o n d  t h e  c a p a c i t y  o f  t h e  p u m p s  a n d  t h e  p h y s i c a l  
i n t e g r i t y  o f  t h e  m o d e l .  T h r o u g h o u t  t h e  i n v e s t i g a t i o n ,  t h e  
R e  w a s  m a i n t a i n e d  b e l o w  2 . 2  x  1 0 4 -  s o m e  50% o f  t h a t  i n  t h e  
p r o t o t y p e . .  R e  f o r  t h e  b u r n e r s  w e r e  w e l l  a b o v e  t h e  t u r b u l e n t  
t h r e s h o l d  l i m i t  o f  1 x  1 0 4 .
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T h e  d i f f i c u l t i e s  e n c o u n t e r e d  w e r e :
( 1 )  L i g h t i n g  p r o b l e m s ,  a s  a l r e a d y  d i s c u s s e d ;
( 2 )  E l i m i n a t i n g  a i r  f r o m  t h e  s y s t e m ;
( 3 )  V i b r a t i o n  o f  t h e  m o d e l  f r o m  p u m p s  a n d  o t h e r  l a b o r a t o r y  
e q u i p m e n t  t r a n s f e r r e d  t o  t h e  s y s t e m  t h r o u g h  t h e  p i p e w o r k  a n d  
c o n c r e t e  f l o o r ;
( 4 )  A h i g h  i n c i d e n c e  o f  f u n g a l  g r o w t h  i n  t h e  s u m p s  a n d  
o c c a s i o n a l l y  i n  t h e  m o d e l .  A l t h o u g h  t h e  m o d e l  w a s  r e g u l a r l y  
c l e a n e d  a n d  t h e  e n t i r e  s y s t e m  c o n t i n u a l l y  f l u s h e d  w i t h  m a i n s  
w a t e r ,  t h e  g r e e n  a l g a e  p e r s i s t e d .  T h e  p r o b l e m  w a s  s o l v e d  b y  
r e m o v i n g  a  m e r c u r y  v a p o u r  l i g h t  s o u r c e  i m m e d i a t e l y  a b o v e  t h e  
t a n k s  -  t h e  c o m b i n a t i o n  o f  p o l y s t y r e n e  b e a d s ,  e n v i r o n m e n t  
d u s t  a n d  l i g h t i n g  b e i n g  r e s p o n s i b l e  f o r  t h e  g r o w t h .
( 5 )  P r o b a b l y  t h e  m o s t  u n e x p e c t e d  a n d  p o t e n t i a l l y  t h e  m o s t  
i n s i d i o u s  p r o b l e m  w a s  e n c o u n t e r e d  w i t h  t h e  q u a l i t y  o f  s t i l l  
f i l m .  P o o r  b a t c h  c o n t r o l  d u r i n g  m a n u f a c t u r e  l e d  t o  t h e  
s i t u a t i o n  o f  n o t  o n l y  l o s i n g  c o n t r a s t  b e t w e e n  t w o  d i f f e r e n t  r o l l s  
b u t  a l s o  b e t w e e n  s u c c e s s i v e  f r a m e s  o n  t h e  s a m e  r o l l .  A l t h o u g h  
t h e  v i d e o  r e c o r d e r  i s  n o w  t h e  p r i m a r y  r e c o r d i n g  m e d i u m ,  a n y  
f u t u r e  s t i l l —w o r k  w i l l  b e  u n d e r t a k e n  u s i n g  a  d i f f e r e n t  b r a n d
o f  e m u l s i o n  f i l m .
4 . 3 . 2  O p e r a t i o n a l  P r o b le m s
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C H A P T E R  5 
E VAL UAT I ON O F  THE R E S U L T S
I n  c o m m e r c i a l  L e p o l  p r e h e a t e r s  t h e  r a w  m a t e r i a l ,  i n  
n o d u l a r  o r  e x t r u d e d  f o r m  i s  i n t r o d u c e d  i n t o  a  p r e l i m i n a r y  
c h a m b e r  a n d  c o m m e n c e s  i t s  t r a v e l  a l o n g  t h e  l e n g t h  o f  t h e  
u n i t  o n  a  m o v i n g  g r a t e .  T h i s  m e c h a n i c a l  p l a t f o r m  i s  c o m ­
p r i s e d  o f  i n d i v i d u a l  i n t e r l o c k i n g  s l o t t e d  p l a t e s  t h a t  p e r ­
f o r m  t h e  d u a l  r o l e  o f  s u p p o r t i n g  t h e  r a w  m e a l ,  w h i l s t  a l l o w i n g  
t h e  m a x i m u m  t r a n s m i s s i o n  o f  h o t  g a s e s  f r o m  a b o v e  t h e  b e d  
t h r o u g h  t o  d r i e r  a n d  c a l c i n e r  s u c t i o n  c h a m b e r s  b e l o w .
M a i n t a i n i n g  a  s m a l l  p r e s s u r e  d i f f e r e n t i a l  b e t w e e n  t h e  
t w o  c h a m b e r s  i n i t i a t e s  a  f l o w 1 o f  g a s e s  d i r e c t l y  i n t o  t h e  
d r i e r  s e c t i o n , h e l p i n g  t o  p r e v e n t  t h e  d i s i n t e g r a t i o n  o f  t h e  
p a r t i a l l y  d r i e d  m e a l  b y .  c r e a t i n g  a . t h e r m a l  b u f f e r  p r i o r - t o  
i t  b e i n g  d i r e c t l y  " e x p o s e d  t o - t h e  h o t  e x - k i l n  g a s e s .
H o w e v e r ,  b e c a u s e  o f  t h e  m e c h a n i c a l  a c t i o n  o f  t h e  g r a t e ,  . 
a  p r o p o r t i o n  o f  t h e  m e a l  i s  b r o k e n  u p  a n d  t h e  d u s t  p a r t i c l e s  
g e n e r a t e d  f a l l  t h r o u g h  t h e  s l o t s  a n d  d r o p . i n t o  t h e  s u c t i o n  
c h a m b e r .  A n y  s u b s e q u e n t  p r o b l e m a t i c  b u i l d - u p  o f  t h i s  
m a t e r i a l  i s  a v o i d e d  b y  i n c l i n i n g  t h e  w a l l s  o f  t h e  s e c t i o n ,  
t h e r e b y  d i r e c t i n g  t h e  f i n e ,  p a r t i a l l y  c a l c i n e d  d u s t  t o  t h e  
l o w e s t  l e v e l  o f  t h e  c h a m b e r ,  f r o m  w h e r e  i t  i s  c o l l e c t e d  b y  
a  s c e w '  f e e d  a n d  t r a n s f e r r e d  b y  e l e v a t o r  t o  b e  r e - i n t r o d u c e d  
t h r o u g h  a  d u c t  i n  t h e  k i l n / p r e h e a t e r  i n t e r f a c e .
T h i s  c o n v e y i n g  s y s te m  j  . r e s p o n s i b l e  f o r  t h e  r e t r i e v a l
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o f  u n d e r g r a t e  d u s t , r e f e r r e d  t o  a s  " r i d d l i n g s " ,  i s  a l s o  t h e  
m a j o r  s o u r c e  o f  u n w a r r a n t e d  f a l s e  a i r  i n l e a k a g e  i n t o  t h e  
s y s t e m .  A t  t h e  e n d  o f  t h e  g r a t e ,  t h e  p a r t i a l l y  c a l c i n e d  
n o d u l e s  t u m b l e  d o w n  t h e  s h u t e  a n d  i n t o  t h e  r o t a r y  k i l n .
T h e  s t e e p n e s s  o f  t h i s  s h u t e  a n g l e  i s  a n  o p e r a t i o n a l  c o m p r o ­
m i s e  b e t w e e n  t h e  p r e v e n t i o n  o f  m a t e r i a l  b u i l d - u p  a n d  h i g h  
d u s t  p i c k - u p  -  b o t h  p h e n o m e n a  l e a d i n g  t o  a  s e r i o u s  r e d u c t i o n  
i n  p r e h e a t e r  t h r o u g h p u t .
T h e  o r i g i n a l  e x p e r i m e n t s  u n d e r t a k e n  b y  M e e r a b u x  
e s t a b l i s h e d  t h e  o v e r a l l  f l o w  r e g i m e  e x i s t e n t  w i t h i n  t h e  p r e ­
h e a t e r .  F i g u r e  5 . 1 ,  w h i c h  i l l u s t r a t e s  t h e  f l o w  p a t t e r n s  
o b s e r v e d  i n  t h e  o r i g i n a l  u n m o d i f i e d  c a l c i n e r  s e c t i o n ,  l e n d s  
v i s u a l  s u p p o r t  t o  W e b e r ' s  c o m m e n t  t h a t  a  p r o p o r t i o n  o f  t h e  
h o t  g a s e s  e n t e r i n g  t h e  c a l c i n e r  f r o m  t h e  k i l n  d o  n o t  i n t e r ­
a c t  d i r e c t l y  w i t h  t h e  h o t t e s t  m a t e r i a l  o n  t h e  b e d .
I n  t h e  w a t e r  m o d e l  t h e  f l u i d  l e a v i n g  t h e  k i l n  w a s  
a c c e l e r a t e d  d u e  t o  t h e  r e d u c e d  c r o s s - s e c t i o n  o f  t h e  t h r o a t .
O n  g a i n i n g  t h e  c a l c i n e r  s e c t i o n  p r o p e r ,  w h e r e  t h e  c h a n n e l  
d i v e r g e d ,  t h e  f l u i d  m o v e d  t o w a r d s  h i g h e r  p r e s s u r e  a n d  c o m m e n c e d  
t o  d e c e l l e r a t e .  . T h e  b o u n d a r y  l a y e r  g e n e r a t e d  b y  s u c h  a  
r e a c t i o n  i n c r e a s e d  i n  t h i c k n e s s  a t  a  f a s t e r  r a t e  t h a n  t h e  
d e c e l l e r a t i o n ,  e v e n t u a l l y  e s t a b l i s h i n g  a  r e g i o n  o f  r e v e r s e  
f l o w  a n d  s e p a r a t i o n  a b o v e  t h e  k i l n  s h u t e  a n d  a b o v e  t h e  e n d  
o f  t h e  g r a t e .
A l t h o u g h  n o w  s l o w e d ,  t h e  u n d e v i a t e d  e x - k i l n  f l o w  
i m p i n g e d  u p o n  t h e  c u r v e d  c h a m b e r  r o o f  a n d  w a s  d e f l e c t e d .
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F r o m  t w o - d i m e n s i o n a l  o b s e r v a t i o n s ,  t h i s  f l o w  i s  s e e n  a s  a  
" c r i s s - c r o s s ”  p a t t e r n  o f  t h e  p o l y s t y r e n e  t r a c e r s .  I n  r e a l i t y ,  
h o w e v e r ,  t h e  f l o w  w a s  c h a r a c t e r i z e d  b y  t w o  c o u n t e r  r o t a t i n g  
s p i r a l s  o f  a p p r o x i m a t e l y  e q u a l  s i z e ,  w i t h  t h e i r  a x e s  p a r a l l e l  
t o  t h e  g r a t e .  B e l o w  t h e  g r a t e  t h e  i n f l u e n c e  o f  t h e  s l o p e d  
w a l l s  p r o d u c e d  a  s w e e p i n g  a n t i - c l o c k w i s e  f l o w  s u c h  t h a t  a  
v a s t  p r o p o r t i o n  o f  t h e  f l u i d  f l o w i n g  d o w n  t h r o u g h  t h e  r e a r  
h a l f  o f  t h e  b e d  w a s  o b s e r v e d  t o  r e - e m e r g e  i n  t h e  s e p a r a t i o n  
z o n e  n e a r  t h e  k i l n  s h u t e .
T h e  o r i g i n a l  c o n d i t i o n s  w e r e  r e p e a t e d  i n  o r d e r  t o  e s t a b l i s h  
c o n t r o l  f l o w  p a t t e r n s  i n  a n  u n m o d i f i e d  g r a t e .  I t  i s  i n t e r ­
e s t i n g  t o  n o t e  t h a t  t h e  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  o b t a i n e d  
w i t h  t h e  v i d e o  f o r m a t  w a s  s o m e w h a t  d i f f e r e n t  t o  t h e  o r i g i n a l  
s t i l l  r e s u l t s .  A l t h o u g h  b o t h  s u g g e s t e d  a  l o s s  o f  s o m e  20% 
o f  t h e  " h o t t e s t "  p a r t  o f  t h e  g r a t e  t o  t h e  d i r e c t  t r a n s m i s s i o n  
o f  k i l n  g a s e s ,  t h e  a r e a s  a b o v e  t h e  s h u t e  a n d  d r i e r  e n d  o f  
t h e  g r a t e ,  t h o u g h t  t o  b e  s t a t i o n a r y  b y  t h e  p r e v i o u s  i n v e s t i g a t o r ,  
d o ,  i n  f a c t ,  p o s s e s s  a  d i s t i n c t  c i r c u l a r  f l o w  r e g i m e ,  a l b e i t  
s l o w .
A f u r t h e r  e x a m p l e  o f  t h i s  d i f f e r e n c e  o c c u r r e d  n e a r  t h e  
d r i e r / c a l c i n e r  i n t e r f a c e  w a l l ,  w h e r e  t h e  d e a d  z o n e  i s  i n  
r e a l i t y  t w o  c o u n t e r —r o t a t i n g  s p i r a l  f l o w  s c h e m e s ,  t h e i r  
m u t u a l  a x e s  p e r p e n d i c u l a r  t o  t h e  g r a t e .
H o w e v e r ,  t h e  o v e r a l l  c o n c l u s i o n s  d r a w n  f r o m  b o t h  f o r m a t s  
a r e  t h e  s a m e  -  t h a t  t h e  c o m b i n a t i o n  o f  r e d u c e d  g r a t e  t r a n s ­
f e r  a n d  p o o r  a e r o d y n a m i c  f l o w  t h r o u g h o u t  t h e  c a l c i n e r  c h a m b e r  
s e v e r l y  r e d u c e  t h e  e f f i c i e n c y  o f  t h e  p r o t o t y p e .
5 - 5
A s  a  p r e l i m i n a r y  t o  t h e  a u x i l i a r y  f i r i n g  i n v e s t i g a t i o n  
a  s e r i e s  o f  e x p e r i m e n t s  w e r e  u n d e r t a k e n  i n  a n  a t t e m p t  t o  
i s o l a t e  t h e  t y p e  a n d  m a g n i t u d e  o f  i n f l u e n c e  c e r t a i n  
d e s i g n  f e a t u r e s  o f  a  p r o t o t y p e  c a l c i n e r  s e c t i o n  h a v e  o v e r  
t h e  o v e r a l l  f l o w  r e g i m e .
5 .  i  . 3. E x - K i l n  F l o w
T h e  f i r s t  o f  t h e s e  e x p e r i m e n t s  c o n c e n t r a t e d  o n  t h e  
c h a n g e  i n  g r a t e  a e r o d y n a m i c s  b r o u g h t  a b o u t  b y  a  v a r i a t i o n  i n  
e x - k i l n  v e l o c i t y  t h r o u g h  a n  a s s o c i a t e d  c h a n g e  i n  b e d  s u c t i o n .  
F r o m  t h e  s u b s e q u e n t  r e s u l t s  ( F i g u r e s  5 . 2  -  5 . 4  ) i t  b e c a m e  
e v i d e n t  t h a t ,  b e t w e e n  9 0  a n d  4 5 0  1 / m i n  m a x i m u m  f l o w ,  t h e  
c h a n g e  i n  t h e  o v e r a l l  f l o w  p a t t e r n  w a s  m i n i m a l ,  t h e r e b y  
s u g g e s t i n g  t h a t  t h e  a e r o d y n a m i c s  w e r e  e f f e c t i v e l y  i n d e p d e n -
o  cr
d e n t  o f  t h a t  f l o w .  S u c h  a  c o n c l u s i o n  a g r e e s  w i t h  P h i l b r o o k ’ s  
s u g g e s t i o n  t h a t  o n c e  f u l l y  d e v e l o p e d  t u r b u l e n t  f l o w  ( r e  > 1 0 4 ) 
h a s  b e e n  o b t a i n e d ,  f l o w  p a t t e r n s ,  m i x i n g  a n d  d y n a m i c  p r e s s u r e  
l o s s e s  a r e  e s s e n t i a l l y  i n d e p e n d e n t  o f  R e y n o l d s  n u m b e r .
F i g u r e  5 . 5  i l l u s t r a t e s  c a l c u l a t e d  R e  v a l u e s  f o r  v a r i o u s  p a r t s  
o f  t h e  c a l c i n e r  s e c t i o n  f o r  i n c r e a s i n g  e x - k i l n  f l o w .  T h e  
o b s e r v a t i o n s  p r o v e d  i n v a l u a b l e  f o r  t h e y  p r e v e n t e d  t h e  m o d e l  
b e i n g  d a m a g e d  b y  a l l o w i n g  a  r e d u c t i o n  i n  f l u i d  f l o w  w i t h o u t  
s a c r i f i c i n g  t h e ,  v a l i d i t y  o f  t h e  a e r o d y n a m i c  p a t t e r n s  e x h i b i t e d .
5 . 1  I d e n t i f y i n g  and I s o l a t i n g  t h e  I n f l u e n c e s
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F i g u r e  5 - 3  270  L / m i n  E x - K i l n  F lo w .
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F i g u r e  5 . 5  R e  v a l u e s  i n  c a l c i n e r  s e c t i o n
5 - 1 0
B y  c o n t r a s t  t o  t h e  p r e v i o u s  e x p e r i m e n t ,  t h e  e f f e c t  
i n d u c e d  o n  t h e  u n d e r g r a t e  f l o w  t h r o u g h  t h e  i n t r o d u c t i o n  
o f  i n l e a k a g e  w a s  s i g n i f i c a n t .  E a c h  r i d d l i n g s  d u c t  b e h a v e d  
a s  a  j e t  i s s u i n g  i n t o  a  c o n f i n e d  s p a c e  a n d  s o  e n t r a i n e d  
s l o w e r  m o v i n g  s u r r o u n d i n g  f l u i d .  A r e a s  o f  h i g h  r e c i r c u l a t i o n  
w e r e  t h e r e b y  e v o l v e d  b e t w e e n  e a c h  j e t  w i t h  t h e  r e s u l t  t h a t  
t h e  i n f l u e n c e  o f  t h e  u n d e r g r a t e  f l o w  w a s  l e s s e n e d  w h i l e  t h e  
j e t  p e n e t r a t i o n  i n t o  t h e  c h a m b e r  i n c r e a s e d .
T h e  o v e r a l l  e f f e c t  o f  t h e  e n t r a i n m e n t  c a u s e d  a  p h y s i c a l  
d e v i a t i o n  i n  t h e  p a t h  o f  t h e  f l o w  s w e e p i n g  a l o n g  t h e  l o w e r  
p o r t i o n  o f  t h e  c h a m b e r ,  f o r c i n g  i t  u p  t o w a r d s  t h e  g r a t e .
U n d e r  t h e  n e w  c o n d i t i o n s ,  t h e  o n c e  h i g h  n e g a t i v e  f l o w  b e t w e e n  
s u c t i o n  t u b e  1 a n d  t h e  e n d  o f  t h e  g r a t e  w a s  d e v i a t e d  t o  
e m e r g e  t o  t h e  l e f t  o f  t h a t  t u b e ,  o n l y  t o  b e  s p l i t  i n t o  t w o  
d i s t i n c t  s t r e a m s  -  o n e  c l o c k w i s e  b e l o w  t h e  g r a t e  t o w a r d s  t h e  
r i g h t - h a n d  e n d  o f  t h e  c h a m b e r ,  t h e  o t h e r  t o  r e i n f o r c e  t h e  
a n t i - c l o c k w i s e  f l o w  a b o u t  s u c t i o n  t u b e  2 ( F i g u r e s  5 . 6  a n d  5 . 7  ) .  
A f u r t h e r  i n c r e a s e  i n  f l o w  w a s  a l s o  o b s e r v e d  a b o u t  t u b e  3 
w h i c h  a l s o  i n c r e a s e d  t h e  a m o u n t  o f  f l u i d  t h r o u g h  t h e  l a t t e r  
p a r t  o f  t h e  g r a t e .
T h i s  c h a n g e  w a s  n o t  i n s t a n t a n e o u s  a n d  r e q u i r e d  a  
t h r e s h o l d  o f  a p p r o x i m a t e l y  5% o f  e x - k i l n  f l o w  t o  i n i t i a t e .  
H o w e v e r ,  o n c e  e s t a b l i s h e d ,  a n y  i n c r e a s e  i n  t h e  p r o p o r t i o n  
o f  i n l e a k a g e  a b o v e  t h i s  l e v e l  h a d  n o  f u r t h e r  i n f l u e n c e .  
T h r o u g h o u t  s u b s e q u e n t  e x p e r i m e n t s  t h e  r i d d l i n g s  c o n t r i b u t i o n  
w a s  s e t  a t  10% -  a  s o m e w h a t  c o n s e r v a t i v e  l i m i t  c o n s i d e r i n g
, 5 . 1 . 2  R i d d l i n g s  I n l e a k a g e
5 - 1 1
F i g u r e  5 - 6  O v e r a l l T r e n d  o f  F lo w  i n  C a l c i n e r  S e c t i o n .
5 - 1 2
to
F i g u r e  5 - 7 :  O v e r a l l  T r e n d  o f  F lo w  w i t h  I n l e a k a pe f ! 0 % )
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5 - 1 3
t h a t  s o m e  p o o r l y  s e a l e d  p r o t o t y p e  p l a n t  h a v e  b e e n  k n o w n  t o  
o p e r a t e  w i t h  1 0 0 % f a l s e  a i r ,  m o s t  o f  i t  b e i n g  a t t r i b u t e d  
t o  r i d d l i n g s  i n l e a k a g e .  T h e  m o d e l  o b s e r v a t i o n s  a r e  m a n i f e s t e d  
i n  s u c h  p l a n t  b y  t h e  u n e x p e c t e d l y  h i g h  o x y g e n  l e v e l s  i n  
s u c t i o n  t u b e  1 t h r o u g h  t h e  e n t r a i n m e n t  o f  e x t e r n a l  a m b i e n t  
a i r ,
5 . 1 . 3  P r e s s u r e  D r o p
T h e  i n f l u e n c e  o f  p r e s s u r e  d r o p  a c r o s s  t h e  g r a t e  r e p r e ­
s e n t i n g  t h e  b e d  o f  n o d u l e s  w a s  a s s e s s e d  b y  o p e r a t i n g  t h e  
m o d e l  w i t h  t h r e e  d i f f e r e n t  v o i d a g e  p r e s e n t a t i o n s  -  0 . 2 5 ,
0 . 3 6  a n d  z e r o .  A l t h o u g h  t h i s  l a t t e r  c o n f i g u r a t i o n  b o r e  n o  
r e a l  r e s e m b l a n c e  t o  p r o t o t y p e  k i l n  c o n d i t i o n s ,  t h e  s i m i l a r i t y  
o f  t h e  f l o w  p a t t e r n s  a s s o c i a t e d  w i t h  b o t h  i t  a n d  t h e  o t h e r  
m e s h  s i z e s  s u p p o r t e d  t h e  c o n c l u s i o n  t h a t  t h e  a e r o d y n a m i c  
p a t t e r n  o f  t h e  L e p o l  g r a t e  c a l c i n e r  i s  e f f e c t i v e l y  i n d e p e n d e n t  
o f  b e d  p r e s s u r e  d r o p , a l b e i t  w i t h  r e d u c e d  f l o w  v e l o c i t y .
F i g u r e s  ( 5 . b ) t o  ( 5 . 1 0 )  i l l u s t r a t e  t h e  r e c o r d e d  r e s u l t s .
5 . 1 . 4  U n d e r g r a t e  B a f f l e s
T h e  d i s s e m i n a t i o n  o f  t h e  u n d e r g r a t e  f l o w  i n t o  i n d i v i d u a l  
c o m p o n e n t s  a b o u t  e a c h  s u c t i o n  t u b e  t h r o u g h  t h e  a e r o d y n a m i c  
i n f l u e n c e  o f  r i d d l i n g s  i n l e a k a g e  p r o m p t e d  a  m o d i f i c a t i o n  b y  
w h i c h  a  s i m i l a r  r e g i m e  c o u l d  b e  g e n e r a t e d  m e c h a n i c a l l y  b y  
b l o c k i n g  o r  d e v i a t i n g  t h e  s w e e p i n g  a n t i c l o c k w i s e  f l o w  a l o n g  
t h e  b o t t o m  o f  t h e  c h a m b e r ,  t h e r e b y  i m p r o v i n g  t h e  t r a n s f e r  
t h r o u g h  t h e  g r a t e .
F i g u r e  5-8:  225 L / m i n ,  F i n e  G r a t e  ( . 2  5 ) ,  R i d d l i n g s  (10%) .
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F i g u r e  5 1 0 :  2_25 L / m i n ,  G r a t e  R e m o v e d  f l . O )  . R i d d l i n g s, ( 1 0 % ) .
5 - 1 7
W i t h  t h i s  e n d  t w o  p e r s p e x  b a f f l e  p l a t e s  w e r e  i n s t a l l e d  
i n  t h e  s u c t i o n  c h a m b e r . ,  e a c h  w i t h  a  m a c h i n e d  g a p  t o  s i m u l a t e  
t h e  s p a c e  r e q u i r e d  f o r  t h e  g r a t e  r e t u r n  l i n k a g e  a n d  s u p p o r t i n g  
m e c h a n i s m .
F i g u r e  ( 5 . 1 1 )  i l l u s t r a t e s  t h e  f l o w  p a t t e r n  a s s o c i a t e d  
w i t h  s u c h  a  m o d i f i c a t i o n  f o r  a n  e x - k i l n  f l o w  o f  2 2 5  1 / m i n .
T h e  s u b - d i v i d i n g  o f  t h e  s u c t i o n  c h a m b e r  p r o d u c e d  i n d i v i d u a l  
f l o w  r e g i m e s  a b o u t  e a c h  t u b e .  T h e  m o s t  i m p o r t a n t  c h a n g e  w a s  
o b s e r v e d  a t  t h e  k i l n  e n d ,  w i t h  a  r e d u c t i o n  i n  n e g a t i v e  b e d  
p e n e t r a t i o n  n e a r  t h e  s h u t e  a l o n g  w i t h  a n  a s s o c i a t e d  i n c r e a s e  
i n  t h e  p o s i t i v e  f l o w  t h r o u g h o u t  t h e  r e m a i n d e r  o f  t h a t  s e c t i o n  -  
t h e  o v e r a l l  e f f e c t  o f  t h e  m o d i f i c a t i o n  l e a d i n g  t o  a n  i m p r o v e m e n t  
i n  t h e  t o t a l  g r a t e  a r e a  a v a i l a b l e  t o  f l u i d  f l o w .
No s i g n i f i c a n t  c h a n g e  i n  t h i s  p a t t e r n  i n  t h e  k i l n - e n d  z o n e  
w a s  o b s e r v e d  w h e n  t h e  d o w n - g r a t e  b a f f l e  w a s  r e m o v e d  ( F i g .  5 . 1 2 ) ,  
a l t h o u g h  t h e  o r i g i n a l  a n t i - c l o c k w i s e  m o t i o n  o f  f l u i d  w a s  r e ­
i n s t a t e d  i n  t h e  l a r g e r  s e c t i o n ,  w i t h  h i g h  n e g a t i v e  f l o w  d i r e c t e d  
u p  t h r o u g h  t h e  b e d  t o  t h e  l e f t  o f  t h e  r e m a i n i n g  b a f f l e .
I n  t h e  t h i r d  e x p e r i m e n t  ( F i g u r e  5 . 1 3 ) ,  t w o  b a f f l e s  w e r e  
i n s t a l l e d  a s  b e f o r e ,  b u t  i n  p o s i t i o n s  s u c h  t h a t  e a c h  c h a m b e r  
f o r m e d  c o n t a i n e d  a  r i d d l i n g  i n l e a k a g e  d u c t .  I t  w a s  e v i d e n t  
f r o m  t h e  c o n f i g u r a t i o n  t h a t  t h e  p r o x i m i t y  o f  t h e  b a f f l e  t o  
i t s  a s s o c i a t e d  s u c t i o n  t u b e  w a s  t h e  m o s t  i m p o r t a n t  f e a t u r e ,  
f o r  a s  t h i s  d i s t a n c e  w a s  i n c r e a s e d ,  t h e  f l o w  a b o u t  t h a t  t u b e
t
w a s  r e d u c e d ,  t h e r e b y  i n c r e a s i n g  t h e  u p w a r d  c o m p o n e n t  n e a r e r  
t h e  e n d  o f  t h e  g r a t e .
T h e  f l o w  p a t t e r n s  i n  t h e  t w o  o t h e r  c h a m b e r s  r e m a i n e d  
t h e  s a m e ,  a l t h o u g h  t h e  r e d u c e d  d i m e n s i o n s  o f  t h e  z o n e  s u r r o u n d i n g
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t u b e  2 r e d u c e d  m u c h  o f  t h e  u p w a r d  f l o w  t h r o u g h  t h e  b e d  t o  
t h e  l e f t  o f  t h e  b a f f l e .  A g a i n ,  a s  i l l u s t r a t e d  i n  F i g u r e  ( 5 . 1 4 ) ,  
n o  s i g n i f i c a n t  c h a n g e  w a s  o b s e r v e d  i n  t h e  a r e a  a b o u t  t h e  e n d  
o f  t h e  g r a t e  o n  r e m o v i n g  t h e  d o w n - g r a t e  b a f f l e ,  w h i l e ,  w i t h  
o n l y  t h a t  b a f f l e  i n  p o s i t i o n ,  m u c h  o f  t h e  f l o w  i n  t h e  o r i g i n a l  
w a s  r e i n s t a t e d ,  ( F i g u r e  5 - 1 5 )  , b u t  w i t h  a n  i n c r e a s e  i n  t h e  
d o w n w a r d  f l o w  n e a r  t h e  e n d  o f  t h e  g r a t e  .
T h e  i n f l u e n c e  o f  r i d d l i n g s  i n l e a k a g e  i s  i n d i c a t e d  o n  
s o m e  o f  t h e  f i g u r e s .
W i t h  t h e  g r a t e  r e t u r n  s l o t  r e m o v e d ,  t h e  f l o w  r e g i m e  
w a s  c o m p l e t e l y  a l t e r e d .  ( F i g u r e  5 - 1 6 ) .  I t  w a s  p o s s i b l e  t o  
p r o d u c e  a  n e t t  z e r o  f l o w  i n  s o m e  o f  t h e  u n d e r - g r a t e  r e g i o n s  
t h r o u g h  t h e  m a n i p u l a t i o n  o f  t h e  r i d d l i n g s  c o m p o n e n t .
F r o m  t h e s e  p r e l i m i n a r y  e x p e r i m e n t s ,  i t  b e c a m e  a p p a r e n t  
t h a t ,  e x c e p t  f o r  a  s u b s t a n t i a l  i m p r o v e m e n t  i n  t h e  a v a i l a b l e  
b e d  a r e a  p r o d u c e d  t h r o u g h  t h e  i n t r o d u c t i o n  o f  a p p r o p r i a t e  
b a f f l e s ,  t h e  d e s i g n  o f  t h e  i n t e r i o r  s u r f a c e  o f  t h e  c a l c i n e r  
s e c t i o n  i s  l a r g e l y  r e s p o n s i b l e  f o r  t h e  p o o r  . i n h e r e n t  a e r o ­
d y n a m i c s  o f  t h e  L e p o l  G r a t e .  O f  t h e  v a r i o u s  i n c o r p o r a t e d  
c o m p o n e n t s ,  t h e  p r o b l e m s  a t t r i b u t e d  t o  t h e  s h u t e  d e s i g n  
r e m a i n  t h e  m o s t  s i g n i f i c a n t .  T h e  v e l o c i t y  o f  g a s e s  e x i t i n g  
t h e  k i l n  t h r o u g h  t h i s  z o n e  a r e  s o  g r e a t  t h a t  t h e y  a r e  
u n s u s c e p t i b l e  t o  t h e  i n f l u e n c e  o f  t h e  u n d e r g r a t e  s u c t i o n ,  
w h i l e  t h e  t w o  " d e a d  f l o w ”  s e p a r a t i o n  z o n e s  c r e a t e d  a b o v e  
t h e  e n d  o f  t h e  g r a t e  a n d  a b o v e  t h e  s h u t e  e f f e c t i v e l y  r e d u c e  
t h e  o v e r a l l  c h a m b e r  e f f i c i e n c y .
%
T h i s  s l o w  o r  r a n d o m  m o v e m e n t  o f  g a s e s  i s  o f  p a r t i c u l a r  
i m p o r t a n c e  i n  t h e  L e p o l  p r o t o t y p e ,  f o r  i n  t h e  m a j o r i t y  o f  
k i l n s  w i t h  a p p r o p r i a t e  t e m p e r a t u r e  p r o f i l e s ,  s u c h  a  z o n e  
p r o v i d e s  t h e  i d e a l  e n v i r o n m e n t  f o r  t h e  p r o b l e m a t i c a l  a l k a l i
F i g u r e  5 - 1 6 :  2 2 5  L / m i n .  S i n g l e  B a f f l e f S l o t  R e m o v e d )
R i d d l i n g s  ( 1 0 % ) .
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p r e c i p i t a t i o n .  I f  a l l o w e d  t o  i n c r e a s e  u n c h e c k e d ,  s u c h  a  
b u i l d - u p  e v e n t u a l l y  l e a d s  t o  a  r e s t r i c t i o n  i n  t h e  k i l n  i n l e t  
t h e r e b y  n e c e s s i t a t i n g  c l o s e - d o w n .  ................  •.
T h e  f l o w  r e g i m e s  o r i g i n a t i n g  f r o m  t h e  g e o m e t r y  o f  t h e s e  
r e g i o n s  c a n  b e  e x p l a i n e d  t h e o r e t i c a l l y  b y  b o u n d a r y  l a y e r  t h e o r y .
5 . 2 !  B o u n d a r y  L a y e r  G e n e r a t i o n  a n d  R e m o v a l
■ 129
A c c o r d i n g  t o  R o u s e  t h e  c h a r a c t e r i s t i c s  o f  a  b o u n d a r y  
l a y e r  a r e  t h a t :
( i )  W i t h i n  a  v e r y  s m a l l  d i s t a n c e  n o r m a l  t o  t h e  b o u n d a r y ,  t h e  
f l u i d  v e l o c i t y  i n c r e a s e s  f r o m  z e r o  t o  a l m o s t  t h a t  o f  t h e  
p o t e n t i a l  s t r e a m  f l o w ;
( i i )  T h e  i n t e n s i t y  o f  t h e  p r e s s u r e  t h r o u g h o u t  t h e  l a y e r  i s  
g o v e r n e d  b y  t h e  s u r r o u n d i n g  f l o w .
T h e  s e p a r a t i o n  o f  t h e  f l o w  f r o m  a  b o u n d a r y  l a y e r  i n v o l v e s  
a  c o m p l e t e  c h a n g e  i n  t h e  v e l o c i t y  d i s t r i b u t i o n  w i t h i n  t h a t  
l a y e r ,  w i t h  t h e  p r e s s u r e  d o w n s t r e a m ,  a t  a  c e r t a i n  p o s i t i o n ,  
b e i n g  e q u a l  t o  t h e  s t a g n a t i o n  p r e s s u r e  o f  t h e  s l o w e r  m o v i n g  
f l u i d .  S u c h  a  s i t u a t i o n  i s  . i l l u s t r a t e d  s e q u e n t i a l l y  i n  F i g .  
( 5 . 1 7  ) ,  w i t h  s e p a r a t i o n  a n d  f l o w  r e v e r s a l  o c c u r r i n g  a t  a  
p o i n t  w h e r e  t h e  f o r w a r d  v i s c o u s  f l o w  , d u e  t o  t h e  l a y e r s  
f u r t h e r  f r o m  t h e  b o u n d a r y ,  i s  l e s s  t h a n  t h e  b a c k w a r d  f o r c e  
o f  t h e  r e v e r s e d  p r e s s u r e  g r a d i e n t .  T h i s  p o i n t  o f  s e p a r a t i o n  
m a y  o f t e n  b e  d e t e r m i n e d  b y  t h e  t h e o r y  a s  t h e  p o i n t  a t  w h i c h
i s  e q u a l  t o  z e r o ,  w i t h  y  b e i n g  m e a s u r e d  i n  t h e  d i r e c t i o n  
a w a y  f r o m  t h e  b o u n d a r y .
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O n c e  s e p a r a t i o n  h a s  o c c u r r e d  t h e  r i g i d  b o u n d a r y  n o  
l o n g e r  e x e r t s  a  c o n t i n u o u s  i n f l u e n c e  o v e r  t h e  f l o w .  I f  f l u i d  
i s  b e i n g  a c c e l e r a t e d  b y  m o t i o n  d o w n  a  p r e s s u r e  g r a d i e n t ,  a s  
i s  t h e  c a s e  i n  t h e  c o n v e r g i n g  c h a n n e l  o f  t h e  k i l n  e x i t  t h r o a t ,  
t h e  t h i c k n e s s  o f  t h e  b o u n d a r y  l a y e r  i s  r e d u c e d .  H o w e v e r ,  o n c e  
i n s i d e  t h e  c a l c i n e r  s e c t i o n  p r o p e r ,  t h e  c h a n n e l  d i v e r g e s  s h a r p ­
l y ,  w i t h  a  r e s u l t a n t  d e c e l e r a t i o n  o f  t h e  f l u i d  d u e  t o  i t s  
m o v e m e n t  t o w a r d s  h i g h e r  p r e s s u r e .  I n  t h i s  s i t u a t i o n ,  F i g u r e  
( 5 .  1 8  ) ,  t h e  b o u n d a r y  i s  t h i c k e n e d ,  t h e  r e d u c t i o n  i n  s h e a r  
s t r e s s  d e c e l e r a t i n g  t h e  f l u i d  a t  a  g r e a t e r  r a t e  t h a n  i n  u n i ­
f o r m  f l o w ,  t h e r e b y  c r e a t i n g  t h e  s e p a r a t i o n .
O n e  i n t e r e s t i n g  e x a m p l e  o f  t h i s  p h e n o m e n o n . o f  r e l e v a n c e
13O
t o  t h e  L e p o l  g r a t e  d e s i g n  i s  q u o t e d  b y  S c o r e r  m  h i s  t e x t  o n  
E n v i r o n m e n t a l  A e r o d y n a m i c s .  T h e  m e c h a n i s m  c i t e d  w a s  t h a t  o f  
a n  O l y m p u s  t u r b o - p r o p  e n g i n e  i n  w h i c h  t h e  d e s i g n  r e v e r s e d  t h e  
a i r  f l o w  s o  a s  t o  f e e d  i t  i n t o  t h e  r e a r  o f  t h e  e n g i n e .
U n f o r t u n a t e l y ,  a s  i n  F i g u r e  ( 5 . 1 9 a ) ,  a  s l o w  m o v i n g  b o u n ­
d a r y  l a y e r  w a s  f o r m e d  o n  t h e  o u t s i d e  o f  t h e  b e n d ,  a t  a  p o s i t i o n  
w h e r e  t h e  p r e s s u r e  w a s  g r e a t e r  a n d  t h e  v e l o c i t y  l e s s .  W h e n  
t h e  a i r c r a f t  f l e w  i n t o  c l o u d  c o n t a i n i n g  s n o w  o r  s o f t  h a i l ,  
i c e  w a s  a c c u m u l a t e d  i n  t h e  s l o w  m o v i n g  r e g i o n ,  b e c o m i n g  
t i g h t l y  p a c k e d  a s  i t  w a s  d r i v e n  d o w n s t r e a m ,  t o  e v e n t u a l l y  
b r e a k  u p  i n t o  l a r g e  l u m p s  a n d  e x t i n g u i s h  t h e  f l a m e  i n  t h e  
c o m b u s t i o n  c h a m b e r .  I n  t h e  L e p o l  g r a t e ,  t h e  a l k a l i s  i n  t h e  
■hot  c j a s e s  a r e  a n a l o g o u s  t o  t h a t  i c e ,  b u t  r e m a i n  s t u c k  t o  t h e  
w a l l s ,  . r a t h e r  t h a n  b r e a k i n g  a w a y .
O n e  s o l u t i o n  t o  t h e  e n g i n e  p r o b l e m ,  a l s o  a d o p t e d  i n  
w i n d  t u n n e l s ,  w a s  t h e  i n s t a l l a t i o n  o f  c a s c a d e  a e r o f o i l s  i n t o
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F i g u r e  5 - 1 8 :  F l u i d  F l o w  u p  a  P r e s s u r e  G r a d i e n t
C a u s i n g S e p a r a t i o n . 1 30
F i g u r e  5 - 1 9 :  S e p a r a t i o n  a n d  P r e v e n t i o n  i n  a  C h a n n e l  
B e n d  t h r o u g h  t h e  I n t r o d u c t i o n  o f  
C a s c a d e  A e r o f o i l s .  135
the corner or bend to shear the flow  as i t  passed through 
them, thereby allow ing i t  to re-emerge as a uniform stream 
(Fig. 5.191?). U nfortunate ly, such a so lu tio n  is  unfeasible 
in  the ca lc in e r section due to the h igh ly  abrasive nature 
of the hot dust laden k i ln  gases (1000°C).
Separation can however be prevented in  two ways:
(1) Add ition  o f momentum to the boundary layer to increase 
the shear by:
(a) Causing the boundary layer i t s e l f  to move, as in  Fig.
5.20 j through the in tro d u c tio n  of a c irc u la r  cy linder
ro ta tin g  in  the d ire c tio n  o f the flow at the po in t o f 
separation;
(b) In troducing a fa s t moving je t  o f f lu id  in to  the boundary 
layer in  the d ire c tio n  o f motion, where i t  would otherwise 
separate. This is  re fe rred  to as the Coanda e ffe c t and is 
i l lu s tra te d  fo r the p a r t ic u la r  case o f a je t  fla p  on a wing 
(Fig. 5.21 ) - the unmodified section resembling the flow 
d is tr ib u t io n  ex is ten t above the end of the grate;
(c) Placing vortex generators upstream o f the separation
po in t in  order to b ring  fa s te r moving a ir  from outside the
layer close to the surface so as to prevent stagnation, 
or
(2) Removal o f the boundary layer by suction . Separation 
can be prevented by m aintain ing the v e lo c ity  gradient at 
the surface i f  the f lu id  composing the boundary layer is  
removed by suction, e ith e r through holes or s lo ts  and re ­
placed by f lu id  from the mainstream.
Figure 5-20: Addition of Momentum to the Boundary
Lay e r.130
F i g u r e  5 - 2 1 :  T h e  C o a n d a  E f f e c t .'
5 - 3 1
passive devices in  an attempt to improve the aerodynamics o f
the Lepol ca lc ine r section.
5.2.2. The False Roof
In an attempt to d e fle c t the e x -k iln  shute flow  and
break up the tw in corkscrew d is tr ib u t io n  down the grate, 
an angled roo f p la te  was in s ta lle d  in  the section, running
from the bottom o f the c a lc in e r /d r ie r  in te rface  w a ll up to the
roof o f the section at the k iln -en d  w a ll.
With such a m od ifica tion  the flow below the grate was 
divided in to  two opposite ly ro ta tin g  flows about suction tubes 
1 and 3, while l i t t l e  improvement was observed in  p o s itive  trans­
fe r nor in  a reduction in  the size o f the separation zone
and boundary layer near to the end of the grate, (F igure5-22),
while the zone above the shute increased in  s ize.
. The in tro du c tio n  o f r id d lin g s  inleakage (Figure 5-23) 
influenced only tha t flow  below the grate, creating zones 
o f random flow  below the k i ln  end o f the grate in  place of 
the former high v e lo c ity  upward flow .
T h e  r e m a i n d e r  o f  t h i s  s e c t i o n  d e a l s  w i t h  e x p e r i m e n t s  w i t h
Figure 5-22:225 L/m in. Angled P la te . Zero R idd lin gs.
Figure 5-23: 225L/min, Angled P la te , R id d lin gs Inleakage (10%).
Throughout the in ve s tig a tio n  the author has maintained 
re la t iv e ly  close contact w ith  the prototype process through 
on-s ite  t r ia ls  and frequent v is i ts  to several o f Rugby Portland 
Cement Companys’ k iln s . Two reports emanating from such contact 
p a rtly  v e r if ie d  the isothermal model re su lts , in  tha t areas 
of random or dead flow  coincided w ith  those on the prototype 
associated w ith  a problem atical bu ild-up o f a lk a lis .
131However personal observation inside the Rochester grate
1 3 2and a cold t r i a l  undertaken on Ferriby Work’ s No.2 k i ln  
indicated tha t the phenomenon o f the two equal size counter- 
ro ta tin g  flows is  unique to the model. A s ing le s p ira l dominate 
the flow  regime in  these p a r t ic u la r  grates - . the le ft-hand  
vortex being considerably enlarged and supressing the other 
thereby reducing the flow  through one side o f the grate.
In order to simulate such a flow , a simple cruciform  
blockage p la te  was in s ta lle d  in  the k i ln  section. The 
resu lts  o f le f t  and righ t-hand s w ir l d ire c tio n  are i l lu s tra te d  
in  figures 5-27 and 5-28. Although the m odifications 
suggest an improvement in  flow  through a reduction in  
the influence o f the boundary laye r and shute, the manner 
and magnitude o f the s w ir l generated are not p ra c tib le  
in  an operational grate. I t  does, however, estab lish  a 
connection between the s w ir lin g  movement o f e x -k iln  gases 
and the nature o f flow  in  the ca lc ine r section, and 
demands fu rth e r in ve s tig a tio n .
5 . 2 . 3  S w i r l i n g  t h e  E x - K i l n  F l o w
5 - 3 5
Figure 5-24: Section V e loc ity  P ro file s  in  P erriby/No.2
Grate. 13Z
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The Lepol grate presents i t s e l f  as the idea l system 
fo r producing a low a lk a li product from a high content raw meal. 
Such a b e n e fit comes from the f i l t e r in g  e ffe c t o f the bed and 
the dumping o f any dust-laden m ateria l in  the intermediate 
gas cycle. An even greater reduction is  afforded through 
the in tro du c tio n  o f an a lk a li by-pass duct in  the ca lc iner 
roo f.
Problems at one o f the works stemmed from th is  extracto r 
becoming blocked due to a bu ild -up  o f dust picked up from 
the k i ln  shute and deposited d ire c t ly  in  the intake.
The by-pass in  question was s itua ted  approximately 1/3 o f the 
way down the grate at a p o s itio n  in  the model where the high 
v e lo c ity  flow  from the k i ln  f i r s t  impinges w ith  the chamber 
roo f.
In view o f th is  problem and in  the l ig h t  o f Scorer's 
suggestion regarding the removal o f the boundary layer 
by suction, a duct was in s ta lle d  in  the model at 
a p os ition  equivalent to 1.5 metres from the k i ln  end 
w a ll.
U nfortunate ly under normal operating conditions w ith  
2 0 % of the e x -k iln  flow d irected through the byrpass, 
no s ig n if ic a n t change was observed in  the o ve ra ll flow 
pattern . Only under extreme cond itions, where nearly a l l  
the e x -k iln  flow  was d irected through the in take , did 
i t s  in fluence become apparent.
Further inve s tig a tio n  is  deemed necessary to locate 
an idea l p o s itio n  fo r  the by-pass duct, thereby allowing 
i t  to withdraw the required amount o f a lk a lis  w ithout 
su ffe rin g  from re s tr ic t io n  problems due to dust bu ild-up.
5 . 2 . 4  T h e  A l k a l i - B y - P a s s  D u c t
5 - 4 1
I t  now had become evident tha t passive m odifications to 
the k i ln ,  other than the b a ff le  p lates or complete changes in  
design, had l i t t l e  e ffe c t on improving the o ve ra ll flow .
The redundant area above the shute, which provides the 
ideal flow  conditions fo r a lk a l i  bu ild -up , could be th e o re tic ­
a lly  elim inated completely by making the channel in  th is  area 
convergent through the in s ta lla t io n  of a suspended roo f or cast 
re fra c to ry  section, thereby preventing the e x -k iln  gases to 
dece llerate  enough to produce flow  separation. Unfortunate ly, 
such a m od ifica tion  may w ell increase the separation zone above 
the end o f the grate , as w ell as am plifying the s p ira l motion 
down the chamber.
Therefore the next step was to attempt to elim inate the 
separation zones through the in troduc tion  of a je t .
5.3 A u x ilia ry  F irin g  '
I t  was at th is  stage in  the experimentation tha t the option 
of introducing a u x ilia ry  f i r in g ,  not only as a means of 
improving the heat consumption o f the Lepol grate but also as 
a possible way o f e rad ica ting  the separation zone problems, 
as suggested by Scorer, was advanced.
Thus the benefits  o f p reca lc in ing  could be complemented 
by a more aerodynamically e f f ic ie n t  grate.
5 - 4 2
With th is  end, three experiments were undertaken using 
single and tw in ’ burner1 configura tions, in  order to observe the 
re su ltin g  change in ' the flow pattern . In the f i r s t  of these, two 
je ts  w ere.insta lled in  a p os ition  representing existingnnspectlon 
doors in  the prototype, the Jn nozzles being the maximum 
burner size possible through such ports(,4m ). The sing le burner 
used was located c e n tra lly  in  the end w a ll, w ith  a diameter 
double th a t o f the tw in system..
Throughout a l l  subsequent experiments the fo llow ing  
c r i te r ia ,  e ith e r requested or ex is ten t in  the prototype were 
adhered to :
(1) up to 30% o f the to ta l k i ln  volume delivered through 
the a u x ilia ry  burners;
(2 ) 2 0 % o f the flow  in  the ca lc iner chamber d irected through 
the a lk a l i  by-pass duct;
(3) 10% o f e x -k iln  flow  introduced as r id d lin g s  inleakage.
5.3.1 Double Burner Configuration - 1 Metre 'Above Grate
The most immediate change in  flow  pa tte rn  w ith  in ­
creasing a u x ilia ry  flow  occurred beneath the gra te , w ith  
the in fluence o f the r id d lin g s  inlealcage being overwhelmed 
by the increasing momentum o f the flow  d irected  along the, 
lower surface o f the suction chamber (F ig. 5.29) - s im ila r 
to tha t in  the unmodified system w ithout inleakage (Fig. 5 .1).
However, above the. grate, such a response was not 
apparent. The confined a u x ilia ry  burner je t  entrained
Figure 5-29: 225 L/min. E x -K iln , 50% Aux., 20% A lk . ,
5 - 4 4
f lu id  from the re la t iv e ly  quiescent zone above the shute so that 
as the primary flow  increased the zone started  to . re c ircu la te  
w ith an increasing v e lo c ity . Beyond 16% a u x ilia ry  flow , 
th is  re c irc u la t io n  was enough to entra in  f lu id  from the main 
e x -k iln  flow , re s u ltin g  in  i t s  d e fle c tio n , w ith  an increase 
in the angle o f a ttack between th is  flow  and the grate.
The po in t at which the flow  h it  the roo f was drawn back 
towards the a lk a l i  by-pass,.and deflected e ith e r in to  the 
duct i t s e l f  or to re -in fo rce  the re c irc u la tin g  flow  about 
the burner nozzle. Downstream o f th is  impingement point 
the flow  became random.
The re s u ltin g  increase in  angle and higher negative bed 
penetration between the f i r s t  suction tube and the grate end 
produced an even la rge r separation zone and loss o f availab le 
grate area. Down the grate, the flow beyond suction tubes 
2 and 3 was greater, while at the back w a ll the increased 
momentum flow  was again deflected in to  two counter-rotating 
flows o f la rg e r magnitude.
In subsequent runs the burners were moved in to  the 
chamber, up to a maximum distance of 1 0  cm - representing 
2.4 m in  the prototype (Figs. 5.30 -.5.33 ) .  This action 
gradually sh ifte d  the anti-c lockw ise flow  below the bed 
towards the r ig h t - the e ffe c t seen by the change in  flow
_ r
about suction tube 1. Above the grate the burners’ influence 
on the f lu id  in  the dead flow zone decreased u n t i l  at maximum 
distance the e x -k iln  flow  remained v i r tu a l ly  undeviated, 
although i t  tended to adopt a less d e fin ite  path and was 
observed to o s c il la te .
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5.3.2 Single Burner Configuration - C en tra lly  Located
The flow  regime associated w ith  d if fe re n t la te ra l 
pos itions o f the c e n tra lly  located s ing le  a u x ilia ry  burner 
is  i l lu s tra te d  in  Figures 5.34 to 5.37. As w ith  the double 
con figu ra tion , the a u x ilia ry  flow o r ig in a lly  behaved as a 
confined je t ,  but in  th is  instance produced a somewhat' elongated 
re c irc u la tio n  zone tha t did not encompass a l l  the area above 
the shute. Beyond th is  zone the momentum of the single je t  
remained high enough to penetrate the e x -k iln  flow  undeflected 
re su ltin g  in  an increased impingement on the d r ie r/c a lc in e r  
in te rface  w a ll. This increased back end co n tribu tio n  caused 
a d iv is io n  o f the flow  below the grate between tubes 2 and 3, 
w ith  the m a jo rity  o f f lu id  being d irected  up through the 
grate near the shute.
The in troduc tion  o f th is  sing le a u x ilia ry  je t  again increased 
the size o f the separation 'zone above the grate while increasing the 
momentum o f the.gas down through the la t te r  h a lf o f the bed.
Moving the burner inwards reduced the re c ircu la te d  zone, 
while increasing tlib  impingement on the c a lc in e r /d r ie r  w a ll.
At 10 cm (2.4 m equivalent) the most s ig n if ic a n t aspect o f 
the flow  was a s w ir lin g  motion of f lu id  down through the 
bed between tubes 2 and 3 and up before tube 1, to be re ­
entrained by the a u x ilia ry  je t .
5.3.3 Double Burner Configuration - 3 Metres Above Bed
The in s ta lla t io n  o f two burners near to and p a ra lle l 
w ith  the roo f had no prototype equ ivalent, but was used as 
an in te rim  co n figu ra tion , p r io r  to the in tro du c tio n  ofburners
5 - 5 0
F i g u r e  5 - 3 4 :  S i n g l e  J e t .  2 2 5  L / m i n .  E x - K i l n .  30% A u x .
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aimed d ire c t ly  at the bed, in  an attempt to p hys ica lly
deviate the e x -k iln  flow , w ithout creating a large re c ircu ­
la t io n  zone above the shute.
From the re su lts  (Figs. 5.38 -5.42 ) i t  was apparent 
that only the upper portion  o f the model was affected by the 
a u x ilia ry  flow . Although, as expected, the re c irc u la tio n  and 
entrainment was lim ite d  to tha t area about the burner, i t  
s t i l l  caused a devia tion in  the k i ln  flow , but in  excess to 
that in  previous configura tions. With the burners f u l ly  
withdrawn, very l i t t l e  flow d ire c tio n  was observed below the 
suction tubes, while tha t above the bed appeared to be almost 
e n tire ly  composed o f a u x ilia ry  f lu id  and exhibited very l i t t l e  
bed penetra tion. A high tu rbu len t zone of f lu id  flow  was also 
established along the bed. Bed penetration was s l ig h t ly  
improved w ith  the a u x ilia ry  burner f u l ly  inserted, w ith  
su c tion .tube 1 breaking up the undergrate flow . As .in previous 
experiments, the re c irc u la tio n  zone above the shute had a l l  
but disappeared as a response to the lim ite d  proportion of 
quiescent f lu id  ava ilab le  fo r  entrainment by the je t .
The in tro du c tio n  of two .p a ra lle l je ts  close to the 
chamber roo f reduced the amount o f f lu id  tran s fe r through 
the greater part o f the grate.
From th is  reduction i t  would appear tha t any burner 
in s ta lle d  in  th is  upper p os itio n  would re ly  upon rad ia tio n  
as the major mode o f heat tra n s fe r instead o f gas convection 
through the bed, except in  the area between tubes 2 and 3.
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I t  had become apparent tha t the methods suggested by 
Scorer to prevent flow  separation could not be adopted in ­
side the ca lc ine r section . A development of the Coanda 
p rin c ip les  would necessitate the in troduction  o f a ir  ducts 
in  the shute crown , capable o f d ire c tin g  f lu id  o f high 
momentum down the grate. The fe a s ib i l i ty  of such an approach 
would be suspect due to the dust blockage problems, while 
the modified entrained shute flow would be d irected p a ra lle l 
to the grate, thereby reducing the trans fe r area even more.
As to the use o f a ro ta tin g  body s itua ted  at the po in t 
o f separation, the mechanical support and drive  arrangement 
of such a system would create unnecessary operational problems, 
while such an arrangement at the end o f the grate would be 
required to ro ta te  in  the opposite d ire c tio n  to the flow  o f 
bed m ateria l. Hence a l l  subsequent experiments w ith  
a u x ilia ry  f i r in g  did not d e lib e ra te ly  attempt to improve 
shute flow , but merely s a tis fy  the'precalcining operational crite ria , 
while at the same time de le te riou s ly  a ffe c tin g  the already 
poor ca lc ine r chamber• aerodynamics.
! n  response to th is  approach^brass nozzies were used to 
give the burners, a v ir tu a l p o s itio n ” in  .the roo f .of the c a l­
ciner and enabled flow  to be directed through the separation 
zone.and onto the grate.
5 . 4  D i r e c t  G r a t e  I m p i n g e m e n t
5 - 6 1
The previous experiments had indicated tha t w ith  a u x ilia ry  
f i r in g  p a ra lle l to the grate, a threshold leve l o f 15% of ex­
k i ln  flow was required to in i t ia te  a change, a fte r  which any 
increase (up to 30%) had l i t t l e  fu rth e r e ffe c t. With the 
angled nozzles, the increased back pressure encountered in  
the system lim ite d  the a u x ilia ry  f lu id  volume to a maximum 
of 20%. However, th is  reduced value eas ily  exceeded the 
Reynolds tu rbu len t l im i t  o f 104, so the flow  regimes exhib ited 
remained applicab le .
By using nozzles angled at 45° to the h o rizon ta l, the 
penetration o f the e x -k iln  flow  was maximized w ith  the 
incidence between je ts  and shute approximately perpendicular. 
Figure 5.43 i l lu s t ra te s  the pa tte rn  observed w ith  both burners 
f u l ly  withdrawn.
The in te ra c tio n  o f the high v e lo c ity  je t  w ith  the shute 
surface caused the flow  to be s p l i t  in to  two d irec tions  - 
one along the grate and -the other down the shute against 
the e x -k iln  flow . This phenomenon created two re c irc u la tio n  
zones in  these areas, w ith  a th ird  appearing about the nozzle 
in  the dead flow  zone as p rev iously .
With most o f the flow , both a u x ilia ry  and e x -k iln , 
being concentrated in  the shute, the above grate chamber 
remained re la t iv e ly  quiescent; below the grate there appeared 
to be no o ve ra ll trend, as each suction.tube was able to 
exert i t s  in fluence over re la t iv e ly  slow moving f lu id .  The 
only pronounced tra n s fe r through the bed occurred at the
5 . 4 . 1  D o u b l e  B u r n e r s
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shute end and was predominantly a u x ilia ry  f lu id  moving 
p a ra lle l to the bed and in to  or around tube 1 , -where i t  was 
entrained and recycled.
On moving the burner to a p os itio n  2.5 cm (60 cm) from 
the w a ll (Fig. 5.44) the undergrate regime changed such that 
flow about tube 1  now predominated while elsewhere the flow 
remained re la t iv e ly  random.
Beyond the 5 cm (120 cm) con figura tion  the burner 
impingement po in t had moved from below the crown of the shute 
to a p o s itio n  near the end of the grate. The a u x ilia ry  je ts  
were no longer s p l i t ,  but were deflected by the grate 
support. As a consequence, the f lu id  deflected up to ­
wards the chamber roof, was divided - in to  two re c irc u la tin g  
flows - one down through the bed to the le f t  o f tube 2 , the 
other back towards the k iln .sh u te  to be entrained, along 
w ith  e x -k iln  f lu id  ,by the je ts .
Under the grate the f lu id  was again s p l i t  in to  two 
d irec tions  w ith  the la rger proportion being d irected a n t i­
clockwise and up through the bed to the r ig h t on .tube 1 .
The most dramatic change occurred w ith  the burner at 
10 cm (Figure 5.47) where the je t  d ire c t ly  penetrated the 
bed w ith  l i t t l e  la te ra l devia tion . Below the grate the 
a u x ilia ry  f lu id  deflected by tube 1 , s p l i t  in to  two counter 
ro ta tin g  patte rns. With such a high momentum flow  the 
r id d lin g  inleakage je ts  made l i t t l e  impression, while the 
remainder o f the e x -k iln  f lu id  was responsible fo r the 
random flow  above the grate.
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S im ila r observations were recorded w ith  30° angled 
nozzles but w ith  d ire c t bed entrainment occurring at 8 .cm 
with a s l ig h t ly  higher p roportion  o f f lu id  being d irected 
down the grate than in  the preceding con figu ra tion .
5.4.2 Single Burner
Figures 5.49’ to 5.53 i l lu s t r a te  the flow  patterns produced 
‘ •fo llow ing the in troduc tion  o f a c e n tra lly  located 
a u x ilia ry  burner w ith  a 45° angled nozzle. Much o f the 
f lu id  movement was s im ila r to th a t associated w ith  the 
double burner con figu ra tion , but w ith  a very much higher 
ve lo c ity  due to the same volume flow  being d irected  through 
only one a u x ilia ry  nozzle.
As w ith  the e a r lie r  experiments using nozzles p a ra lle l 
to and 3 m above the grate (Section 5.3.3) ,  i t  would appear 
that s ig n if ic a n t influence form erly exercised by the ex­
k iln  flow  had a l l  but disappeared, having been in te rrup ted  
by the a u x ilia ry  j e t .
U nfortunate ly, the e ffe c t on the flow  through the 
grate reduced the area o f p o s itive  tran s fe r s ig n if ic a n t ly ,  
while th a t zone in  the d ire c t lin e  o f such a coal flame would 
soon su ffe r severe overburning and mechanical d e te rio ra tio n  
due to thermal s tress. The question as to whether or not 
such a flame could be maintained, is  discussed in  the sub­
sequent section.
5 - 7 0
Figure 5-49:Single  Angled Jet
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Figure 5-53:Single Angled Jet. (Plus 12.5 cm.)
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Results from the angled burner configurations illustrated 
a total disruption of the "normal" calciner flow regime.
With the jet impinging on the shute, it was impossible to 
predict any flow trend above the grate, while aiming it 
directly at the bed produced a complete reversal of fluid 
flow direction both above and below the grate.
As an interim measure two baffles were installed 
below the grate, with the auxiliary jets set at a position 
of maximum penetration of the ex-kiln flow.(Figure 5-54)
The resultant flow regime illustrates a significant 
increase in flow about suction tube 1, while the under­
grate baffles prevented the flow reversal with the auxiliary 
jets in the same position as seen in Figure 5-47.
Above the grate the auxiliary jets we.re deflected from 
the bed in a similar fashion to those in figure 5-46,with 
a high proportion of this fluid being returned to the 
jets. However, although the flow through the drier-end 
of the grate also resembled that in the former configuration, 
much of the flow in the middle of the grate was random 
with no discernible trend.
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Figure 5-54: Twin Angled Jets and Undergrate Baffles.
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5.5 A.Critical Appraisal of Auxiliary Firing in the Lepol
Grate Calciner Section
The flow regime existent in the preliminary experiments 
clearly illustrated that the gas flow within the prototype 
is far from ideal. Therefore, if an auxiliary firing system 
is being promoted as an interim approach to the improving the 
specific heat consumption of the preheater, without the need 
for drastic modification, such inherent aerodynamic problems 
associated with the grate must be accepted.
From the results of subsequent auxiliary burner experi­
ments it became obvious that the introduction of a high velocity 
jet had an extremely large impact on the overall calciner flow - 
at best merely amplifying the problem areas (Figure 5.29), at 
worst completely changing the direction of the fluid flow 
through the grate (Figure 5.48). Moreover, the type and scale 
of interaction between that auxiliary jet and the surrounding 
fluid demanded by adherence to the operational criteria was 
more akin to that occurring at the firing end of the rotary 
kiln.
In this section, the reader is presented with a, hopefully, 
logical set of arguments based on empirical knowledge as to the 
reasons why a non-conventional coal-fired burner is necessary 
as a source of auxiliary heat in Lepol Grate, while gas and 
oil are rejected on economic grounds.
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5.5.1 The Problem
The greatest restrictions placed upon the successful 
operation of a coal fired auxiliary burner are the physical 
dimensions of the chamber, being only 16.0 metres long by
4.1 metres wide. Added to this limit are the consequences 
of investigations by Chigier et al135 on the characteristics 
of fuel-oil droplets within highly luminous hollow cone 
pressure jet oil flames.
It was observed that for diameters less than 100 y m ,  the 
trajectories of the fuel particles confirm to the prevailing 
aerodynamics. However, in the range of 100-200 ym their tra­
jectories became almost linear (Figure 5.55). More signifi­
cantly, this latter observation of the independence of parti­
cle velocity and trajectory on existing furnace aerodynamics 
was also observed in coal flames by FERGUS during plant trials136.
The phenomenon was manifest by unexpectedly high coal 
particle velocities down the kiln and suggested a possible 
reduction in particle drag brought about by the liberation of 
volatiles and gases during combustion. Accepting such a 
concept implies that an injected coal particle of 100+ ym 
would only decelerate appreciably once all of the initial 
combustion stages have.been completed.
Therefore, if the burnout time of a 100 ym particle is• 
approximately half a second, the maximum primary air/fuel 
velocity of a burner in the calciner chamber would be limited 
to 32 m/.sec, or preferably lower. The model results suggest 
that any coal not burnt within the prerequisite time would be
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directed below the grate where its heat content would be 
dissipated into the intermediate gas system.
The prototype ex-kiln gas flow was:
I.88 x 105 m3/hr at 1000°C,
through an exit diameter of 2.37 metres, giving an average 
gas velocity of:
II.7 m/sec.
However, with the theoretical increase in the amount of CO^  
liberated in the rotary kiln with precalcining, this value 
could be reduced by approximately 201 to
9.4 m/sec. (Appendix II)
This modified figure gives a velocity ratio:
V ua = 3‘4’
which is well below the minimum value of 20 established by
Moles et al.65 as well as creating modelling problems due to 
buoyancy effects19.
Another approach is to accept that if a stable flame is
to be maintained, the recirculation level in the system must 
be well established, with the Craya-Curtet parameter m ex­
ceeding 1.5112. Theoretical calculations based on this figure 
for the twin and single jet systems give velocity ratios of 
between 12 and 21, which give totally unacceptable primary 
jet velocities of 100-220 m/sec.
The final calculation involves the semi-empirical flame- 
length formula:
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From th e  a s s o c ia te d  f a m i l y  o f  c u rv e s  ( F ig u r e  2 . 4 0 ) ,  th e  
d e s i r e d  f la m e  l e n g t h / k i l n  d ia m e te r  r a t i o  i s  p o s s ib l e  o n ly  
f o r  a 60% p r im a r y  a i r  b u r n e r ,  w i t h  9% excess  a i r .  The n o z z le  
s iz e  f o r  such  a f la m e  i s  a p p r o x im a te ly  33 cms. U n f o r t u n a t e l y ,  
u n d e r  n o rm a l o p e r a t i n g  c o n d i t i o n s ,  th e  e x - k i l n  gas i s  lo w  i n  
oxygen (2 -3 % ).  T h e r e fo r e ,  an e x t r a  s o u rc e  o f  a i r  i s  r e q u i r e d  
e i t h e r  d u c te d  f ro m  th e  c o o le r  o r  th ro u g h  an in c r e a s e  p r im a r y  
a i r  c o n t r i b u t i o n .
I f  th e  s e c o n d a ry  a i r  excess i s  v e r y  h ig h  th e  f la m e  le n g th  
can be m in im ze d  t o :
and 50 cm r e s p e c t i v e l y .
F ig u r e  5 .5 6  i l l u s t r a t e s  th e  f la m e  l e n g t h  and n o z z le  s iz e s  
v e rs u s  n o z z le  v e l o c i t y .
From th e  c a l c u l a t e d  v a lu e s ,  uQ = 32, dQ = .3 3 ,  1 2 .5  and 
.5 0  m e t re s ,  i t  was fo u n d  t h a t  to  m a in t a in  a 1 6 .0  m c o a l  f la m e  
w i t h i n  th e  chamber was o n ly  p o s s ib le  by  th e  a d o p t io n  o f  e x ­
t r e m e ly  h ig h  e xcess  a i r  l e v e l s  ( ^ 3 5 0 %) a t  th e  b a ck  end.
F o r  gas f la m e s  th e  a i r  r e q u i r e m e n t  o f  th e  p r im a r y  j e t  i s  
u s u a l l y  n e a r  i t s  maximum v a lu e  as i t  i s  i n a d v i s a b le  to  p r e ­
m ix  gas f la m e s  t o  any a p p r e c ia b le  e x t e n t .  U nder th e s e  con ­
d i t i o n s  th e  r a t i o  o f  ( l / n - l )  i s  th e  same as 1 /e x c e s s  a i r .
L f 20.. 02 + 0 .3 9
D2 -  d 2 o , g i v i n g  n o z z le  s iz e s  o f  12 .5
do
Fig. 5.56 Flame length vs. nozzle diameter and velocity65
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Under o p e r a t i o n a l  c o n d i t i o n s  an e q u iv a le n t  c o a l  c o n s u m p t io n  
gas b u rn e r  p ro d u c e s  a f la m e  some 30% lo n g e r ,  w h ic h  im p l i e s  
an even g r e a t e r  excess  a i r  c o n t r i b u t i o n 83 .
Fo r gas f i r i n g  th e  GEFGN fo r m u la  can be a p p l i e d :
6 .6 5  (1 +R) mQ 
L - --------------- 1--------  ---------1— f o r  f r e e  f la m e s
0 (p£ ) 5 Cl0 ) 2
and L c = (0 .3 2  /in + 0 . 4 5 ) L o f o r  e n c lo s e d  f la m e s .
Over th e  d e s i r e d  m v a lu e s  th e  e n c lo s e d  f la m e  i s  20%
g r e a t e r  th a n  i s  i t s  f r e e  c o u n t e r p a r t .  Thus,
4 .5 2  (1 +R) m
L = 0 .8  L =--------c o
( p t ) 2  d o ) 2 
g i v i n g  a b u rn e r  momentum o f  1 .1  x 10“ 3 kg m /s e c .
There  a re  s e v e r a l  p r o p r i e t r y  gas b u rn e rs  -  r e c u p e r a t i v e ,  
" w a l l  h u g g e r "  e t c .  -  c a p a b le  o f  b u r n in g  th e  r e q u i r e d  amount 
o f  gas w i t h i n  th e  r e q u i r e d  l i m i t s .
The s im p le s t  o i l  f la m e  l e n g t h  c a l c u l a t i o n  i s  t h a t  o f  
T h r in g  and Newby2 7 :
L = IQ.- 6-Jo !. ±. io%
A s
(mn + m )
where r  1 =   j—
( I  t t  p t )  2
and A = I1-*-"!
15
Thus r  T = 1- + a 
0 10
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Such a r e l a t i o n  i s  a p p l i c a b l e  to  f r e e  j e t s  where —j—  < .0 5 ,
th u s  r  1 m ust be l e s s  th a n  20 cms, g i v i n g  an a v a lu e  o f  2 k g /
kg a i r  r e q u i r e d  f o r  a t o m i z a t i o n .  I t  s h o u ld  be p o in te d  o u t
1 + ct h a t  th e  use o f  mass c o n c e n t r a t i o n  c o n s ta n t  As = +-~ can ­
n o t  be used as steam  i s  n o t  r e a d i l y  a v a i l a b l e .  T h is  a ls o  r e ­
s t r i c t s  th e  c h o ic e  o f  b u r n e r  co v e re d  i n  Reed and W a l l i n s ’ 84 
w o r k .
H ow ever, because o f  th e  com p lex  c o n s t r u c t i o n  o f  o i l  b u rn e rs  
th e  p r im a r y  a i r  a i r  v a lu e  i s  o f  le s s  im p o r ta n c e  as i t s  m a in  
re q u i r e m e n t  i s  t h a t  o f  f u e l  a t o m iz a t io n .  From p e r s o n a l  ob ­
s e r v a t i o n  and a v a i l a b l e  l i t e r a t u r e  th e  f la m e  p ro d u c e d  can be 
m a in ta in e d  w i t h i n  th e  c a l c i n e r  s e c t i o n .
I f  o i l  and gas a re  used  as a l t e r n a t i v e s  i t  s h o u ld  be 
n o te d  t h a t :
(a ) The f la m e  te m p e ra tu re  o f  f u e l  o i l  and n a t u r a l  gas a re  lo w e r  
th a n  c o a l ;
(b ) H ig h e r  e x i t  gas vo lu m e s  and h ig h e r  h e a t  lo s s e s  a re  e x p e c te d  
u s in g  n a t u r a l  gas .
The f i n a l  c o n s id e r a t i o n  i s  g iv e n  to  th e  econom ic  f e a s i ­
b i l i t y  o f  o p e r a t i n g  a p r e - c a l c i n i n g  g r a te  u s in g  c o a l  v e rs u s  
o i l  and gas .
U s in g  1983 f u e l  p r i c e s ,
1 to n n e  c o a l  = 7 .7 8  x  IQ 2 m3 n a t u r a l  gas 
-  812 l i t r e s  o f  f u e l  o i l
The cost ratio of the three fuels is :
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T h is  r a t i o  can be m o d i f ie d  i n  te rm s  o f  g ro s s  c a l o r i f i c  v a lu e s  * 
t o :
£ 1 c o a l  : £ 1 .5 5  gas : £ 1 . 6 3  o i l .
The t a b l e  b e lo w  g iv e s  a v e r y  ro u g h  e s t im a te  o f  p r o d u c t io n  
c o s ts  based  on an u n m o d i f ie d  g r a t e  consum ing  3 .9  to n n e s /h r  
o f  c o a l  to  p ro d u c e  3 0 .1  t o n n e s / h r  o f  c l i n k e r  a t  a c o s t  o f
£ 1 7 3 .5 5 / h r .
£ 1 coal : £1.67 gas : £1.84 oil
F u e l  ty p e A u x i l i a r y  % K i l n  % % in c r e a s e  c o s t
c o a l 10 90 n i l
gas 10 90 5 .5
o i l 10 90 6 .0
c o a l 20 80 n i l
gas 20 80 1 1 .0
o i l 20 80 1 2 .0
c o a l 30 70 n i l
gas 30 70 1 6 .5
o i l 30 70 1 8 .0
The Dunbar s tu d y  fo u n d  t h a t  24% o i l  on th e  g r a te  p r o ­
duced a 10% in c r e a s e  i n  k i l n  p r o d u c t i o n .  From th e  t a b le  
t h i s  im p ro ve m e n t w o u ld  be o f f s e t  b y  a 15% r i s e  i n  f u e l  c o s t s ,
w h i le  th e  same o u tp u t  c o u ld  be m a in ta in e d  by  " p u s h in g ”  th e  
u n m o d i f ie d  k i l n  w h i l e  s t i l l  b e n e f i t i n g  f ro m  an 8% c o s t  ad­
v a n ta g e  o v e r  th e  p r e c a l c i n e r  sys te m .
The a rgum en t a g a in s t  u s in g  o i l  o r  gas i s  f u r t h e r  
s t r e n g th e n e d  w h e n .n e t t  c a l o r i f i c  f u e l  v a lu e s  a re  used:
- A
s - 'J
1 to n n e  c o a l  = 7 .7 8  x  102 m3 = 812 l i t r e s
2 .7 2  x  104 mJ = 2 .7 1  x 104 mJ = 2 .9 7  x IO 4 mJ
£1 = £1 .6 7  = £ 1 .6 5 .
A l th o u g h  t h i s  m o d i f i c a t ^ e d ^ 's l i g h t l y  enhances th e  use o f  
f u e l  o i l  o v e r  gas as an a u x i l i a r y  f u e l ,  th e  a b i l i t y  to  b u rn  
c o a l  on th e  g r a te  re m a in s  as th e  p r im e  o b j e c t i v e .
The m a jo r  r e q u i r e m e n ts  f o r  a c o a l  b u r n e r  i n s t a l l e d  i n  
th e  L e p o l  c a l c i n e r  s e c t i o n . a r e  th o s e  o f  h ig h  o u t p u t ,  v e r y  
lo w  fo r w a r d  momentum and s h o r t  f la m e  l e n g t h  -  m a tc h in g  th e  
p r o p e r t i e s  o f  p r e s s u r e  j e t  o i l  b u rn e rs  i n  w h ic h  th e  f la m e  
le n g t h  i s  l a r g e l y  d e p e n d e n t on th e  a to m iz e r  em p loyed .
The a d v a n ta g e s  o f  a c o a l  f i r e d  v o r t e x  c o m b u s to r ,  whose 
p r o p e r t i e s  re s e m b le  th o s e  o f  a s w i r l  b u r n e r  i n  a c o n f in e d  
cham ber, a re  t h a t  i t  g e n e ra te s  h o t  gases r a t h e r  th a n  a con ­
v e n t i o n a l  f la m e  w i t h  n e g l i g i b l e  CO e v o l u t i o n .  Any ash o r  
c o a l  p a r t i c l e s  t h a t  a re  e m i t t e d  f ro m  th e  chamber e f f e c t i v e l y  
a id  th e  o v e r a l l  h e a t  b a la n c e  e i t h e r  by d i r e c t  t r a n s f e r  to  
th e  m a t e r i a l  on th e  g r a t e  o r  an i n d i r e c t  c o n t r i b u t i o n  i n  th e  
k i l n  r e s p e c t i v e l y .
5 .6  A u x i l i a r y  F i r i n g  U s in g  a V o r te x  C om bu s tio n  Chamber
P ro b a b ly  th e  m ost o b v io u s  d i f f e r e n c e  be tw een  th e  co n ­
v e n t i o n a l  and v o r t e x  b u r n e r  e x p e r im e n ts  was th e  ease w i t h  
w h ic h  a 30% a u x i l i a r y  f l u i d  f l o w  r a t e  c o u ld  be a t t a i n e d  
u s in g  th e  chamber w i t h o u t  a f f e c t i n g  th e  i n t e g r i t y  o f  th e  m od e l.  
The s t a r t - u p  p ro c e d u re  was s l i g h t l y  d i f f e r e n t  i n  t h a t  th e  
chamber e x h i b i t e d  a ty p e  o f  h y s t e r e s i s  a s s o c ia te d  w i t h  th e  
g e n e r a t io n  o f  v o r t e x  f l o w .  H ow ever, once t h i s  was e s t a b l i s h e d  
th e  c o n t r o l  was r e l a t i v e l y  s t r a i g h t f o r w a r d .
An i n d i c a t i o n  o f  th e  j e t  p r o f i l e  i s  i l l u s t r a t e d  i n  F ig  
5. 57(a&b) w i t h  o n l y  th e  chamber i n  o p e r a t i o n  and a t  an 
a n g le  t o  th e  h o r i z o n t a l  o f  10° and 18° r e s p e c t i v e l y .
5.5.2 The Vortex Combustor
Figure 5-57:Vortex Chamber Jet Profile.
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C l e a r l y ,  th e  m ost im p o r ta n t  a s p e c t  o f  th e  o u t p u t  was th e  a rea  
to  w h ic h  th e  h i g h l y  r e c i r c u l a t o r y  f l o w  was c o n f in e d  even a t  
40% o f  t o t a l  k i l n  f l o w .
The a u x i l i a r y  j e t  was s e m i - c o n ic a l  i n  shape w i t h  an 
a n g le  o f  a p p r o x im a t e ly  5 5 ° .  A l th o u g h  n o t  a p p a re n t  i n  th e  
i l l u s t r a t i o n ,  two r e c i r c u l a t i o n  re g im e s  w ere  e s t a b l i s h e d  
a b o u t th e  j e t  -  one on th e  o u t s i d e ,  th e  o t h e r  r e t u r n i n g  
f l u i d  i n t o  th e  m id d le  to w a rd s  th e  n o z z le .  O n ly  a s m a l l  i n ­
c re a s e  i n  j e t  a n g le  was o b s e rv e d  when a x i a l  f l o w  was re d u ce d  
to  z e r o , w h i l s t  i t  re m a in e d  r e l a t i v e l y  c o n s ta n t  f o r  changes 
i n  t a n g e n t i a l  f l o w ,  p r o v id e d  th e  v o r t e x  was e s t a b l i s h e d .
The re m a in in g  f i g u r e s .  (5 .58 to  5 .6 3 )  g iv e  an i n d i c a t i o n  
o f  th e  o v e r a l l  change i n  f l u i d  b e h a v io u r  w i t h  an in c r e a s e  i n  
th e  v o r t e x  n o z z le  a n g le  f ro m  th e  h o r i z o n t a l .
W i th  th e  n o z z le  a x is  p a r a l l e l  t o  th e  g r a t e ,  th e  f l o w  
above th e  g r a t e  was s i m i l a r  t o  t h a t  o f  th e  u n m o d i f ie d  sys te m . 
The h ig h  e n t r a in m e n t  c a p a c i t y  o f  th e  v o r t e x  j e t  had r e p la c e d  
th e  dead f l o w  zone above th e  s h u te  w i t h  a r e g io n  o f  h i g h l y  
a c t i v e  o r  r e c i r c u l a t o r y  f l o w .  As w i t h  a c o n v e n t io n a l  j e t ,  
th e  in c r e a s e d  e n t r a in m e n t  s l i g h t l y  a l t e r e d  th e  p a th  o f  th e  
e x - k i l n  f l o w ,  t h e r e b y  i n c r e a s in g  th e  s i z e  o f  th e  s e p a r a t io n  
zone above th e  end o f  th e  g r a t e .  H ow ever, u n l i k e  th e  co n ­
v e n t i o n a l  a u x i l i a r y  f i r i n g  c o n f i g u r a t i o n ,  th e  f l o w  b e lo w  
th e  g r a t e  a g a in  re s e m b le d  t h a t  o f  th e  o r i g i n a l  g r a te  w i t h  
r i d d l i n g s  i n le a k a g e ,  a l t h o u g h  th e  in c r e a s e d  p e n e t r a t i o n  
d is t a n c e  o f  th e  c e n t r a l  d u c t  s u g g e s te d  a much s lo w e r  o v e r a l l  
f l o w ,  e s p e c i a l l y  t o  th e  r i g h t  o f  tu b e  1.
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Figure 5-59: Vortex Chamber Jet-4 From Horizontal.
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Figure 5-60: Vortex Chamber Jet-8 From Horizontal
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Figure 5-61: Vortex Chamber Jet-12 From Horizontal
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Figure 5-63: Vortex Chamber Jet-18° From Horizontal.
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As e x p e c te d ,  an in c r e a s e  i n  th e  a n g le  o f  th e  n o z z le  
le d  to  an a s s o c ia te d  in c r e a s e  i n  th e  f l u i d  f l o w  th ro u g h  
v a r io u s  s e c t io n s  o f  th e  g r a t e ,  a l t h o u g h  th e  v e l o c i t y  o f  
f l u i d  t o  th e  r i g h t  o f  tu b e  1 re m a in e d  r e l a t i v e l y  lo w ,  w h i l e  
above th e  s h u te  th e  in c r e a s e  p ro d u c e d  an a re a  o f  h ig h  c i r ­
c u la t o r y  m o t io n .
A more s i g n i f i c a n t  change o c c u r re d  a t  a b o u t 12° f ro m  
th e  h o r i z o n t a l  when th e  lo w e r  s t re a m  f ro m  th e  s e m i - c o n ic a l  
co m b us to r  o u tp u t  im p in g e d  upon th e  end o f  th e  g r a te  and 
was d e f l e c t e d  i n  a s i m i l a r  way t o  t h a t  o f  th e  a n g le d  j e t s .  
T h is  i n t e r a c t i o n  l i f t e d  th e  f l o w  f ro m  th e  s h u te  crow n and 
d i r e c t e d  i t  a lo n g  th e  to p  o f  th e  g r a t e .
The im p in g m e n t o f  a u x i l i a r y  f l u i d  on th e  s h u te  i n ­
c re a s e d  w i t h  j e t  a n g le ,  w h i l e  th e  f l o w  i n  th e  re m a in d e r  o f  
th e  c a l c i n e r  was seen t o  be r e l a t i v e l y  s lo w  m o v in g . A t  16° 
th e  u n iq u e  v o r t e x  f l o w  behaved  as i f  i t  were c o m p r is e d  o f  
two i n d i v i d u a l  j e t s  -  one d i r e c t e d  a t  th e  crow n and i n t e r ­
a c t i n g  w i t h  th e  k i l n  s h u te  f l o w ,  w i t h  th e  o th e r  j u s t  h i t t i n g  
th e  end o f  th e  g r a t e  and b e in g  d e f l e c t e d  upw ards to w a rd s  
th e  c e i l i n g  as f o r  th e  18° c o n f i g u r a t i o n .
From th e  v o r t e x  c o m b u s to r  e x p e r im e n ts ,  i t  became e v id e n t  
t h a t  t o  e n su re  a l i m i t e d  i n t e r a c t i o n  w i t h  e x - k i l n  f l o w  on 
th e  s h u te ,  th e  maximum n o z z le  a n g le  was 1 0 -1 2 °  f ro m  th e  
h o r i z o n t a l .  B e low  t h i s  l i m i t  th e  in c re a s e d  e n t r a in m e n t  
c a p a c i t y  o f  th e  u n iq u e  b u r n e r  in c r e a s e d  th e  a n g le s  a t  w h ic h  
th e  s h u te  f l o w  i n t e r c e p t e d  th e  g r a t e ,  t h e r e b y  i n c r e a s in g  
th e  s i z e  o f  th e  s e p a r a t i o n  zo ne . H ow ever, th e  m ost im p o r t a n t
c o n c lu s io n  was th e  o b s e r v a t io n  o f  r e l a t i v e l y  unchanged 
u n d e r g r a te  f l o w  w i t h  30% a u x i l i a r y  f i r i n g  compared w i t h  
th e  c o n v e n t io n a l  j e t s  i n v e s t i g a t e d .
The f i n a l  e x p e r im e n ts  lo o k e d  a t  th e  e f f e c t  o f  i n t r o ­
d u c in g  u n d e r g r a te  b a f f l e s  i n  a s s o c ia t i o n  w i t h  th e  v o r t e x  
c o m b u s to r .  F ig u re s  5 .6 4 -6 5  i l l u s t r a t e  th e  f l o w  w i t h  such a 
m o d i f i c a t i o n  f o r  a n o z z le  a n g le  o f  11° so as t o  m in im iz e  
th e  s h u te  i n t e r f e r e n c e  and d i r e c t  th e  maximum amount o f  
f l u i d  to w a rd s  th e  g r a t e .
From th e  r e s u l t s  i t  w o u ld  a p pe a r t h a t  th e  b a f f l e s  
were o f  no a d d i t i o n a l  b e n e f i t ,  as any a d van ta g e  was 
b a la n c e d  by  th e  in c r e a s e  i n  s i z e  o f  th e  s e p a r a t i o n  zone 
on th e  s h u te .
5-97
Figure 5-64:Vortex Chamber Jet-Horizontal
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Figure 5-65: Vortex Chamber Jet-11 From Horizontal
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CHAPTER SIX
I  From th e  o b s e r v a t io n s  made i n  th e  p r e l i m i n a r y  e x p e r im e n ts ,  
i t  was c o n c lu d e d  t h a t ,  once e s t a b l i s h e d , t h e  f l o w  p a t t e r n s  
o b ta in e d  i n  th e  L e p o l  g r a te  w ere  e s s e n t i a l l y  in d e p e n d e n t  o f :
(a )  th e  t u r b u l e n t  R e yn o ld s  number u sed ;
(b )  th e  v o id a g e  used  to  r e p r e s e n t  th e  r e s is t a n c e  o f  
th e  b e d ;
(c )  th e  d e g re e  o f  u n d e r g r a te  s u c t i o n .
I I .  The g e o m e t r i c a l  c o n s t r a i n t s  w i t h i n  th e  c a l c i n e r  s e c t i o n  -  
t h a t  o f  th e  k i l n  i n t e r f a c e  s h u te  i n  p a r t i c u l a r  -  le d  t o  th e  ■ 
fo r m a t io n  o f  a re d u n d a n t  a re a  above th e  s h u te  and a r e s t r i c t ­
i n g  o f  th e  f l o w  t o  a p p r o x im a t e ly  80% o f  th e  g r a t e .  Such 
a reas  c o u ld  be e x p la in e d  by  b o u n d a ry  l a y e r  t h e o r y .  The f l u i d  
f l o w  i n  th e  above -  g r a te  c a l c i n e r  c r o s s - s e c t i o n  was d o u b le  
v o r t e x  i n  n a t u r e .  B e low  th e  g r a t e ,  th e  s lo p e d  w a l l s  g e n e ra te d  
a h ig h  a n t i - c l o c k w i s e  f l o w  o f  f l u i d  a lo n g  th e  lo w e r  p o r t i o n
o f  th e  chamber and up th r o u g h  th e  g r a te  be tw een  th e  s h u te  
and th e  f i r s t  s u c t i o n  tu b e .  From th e s e  o b s e r v a t io n s  th e  
o r i g i n a l a s s u m p t i o n  o f  p lu g  f l o w  o f  f l u i d  th r o u g h  th e  s u c t i o n  
appe a re d  t o  be e r ro n e o u s .
I I I .  R id d l in g s  le a k a g e  had a c o n s id e r a b le  i n f l u e n c e  on th e  
f l o w  re g im e  b e lo w  th e  g r a t e ,  w i t h  each d u c t  b e h a v in g  as a 
c o n f in e d  j e t  and fo r m in g  a s s o c ia te d  r e c i r c u l a t i o n  a re a s .
CONCLUSIONS AND RECOMMENDATIONS
6 - 2
IV .  The i n t r o d u c t i o n  o f  b a f f l e s  b e lo w  th e  g r a te  s i g n i f i c a n t l y  
im p ro ve d  th e  o v e r a l l  f l o w  d i s t r i b u t i o n  th ro u g h  th e  g r a te
by b r e a k in g  up th e  f l o w  i n t o  i n d i v i d u a l  chambers a round  each 
s u c t i o n  tu b e .  The p r o x i m i t y  o f  th e  b a f f l e  to  th e  a s s o c ia te d  
tu b e  in c r e a s e d  th e  f l o w .
V. From o n - s i t e  o b s e r v a t i o n  i t  w o u ld  a p pe a r t h a t  th e  f l o w  
i n  p r o t o t y p e  L e p o l  sys te m s  i s  f a r  f ro m  i d e a l  and ag rees  
w e l l  w i t h  th e  m odel o b s e r v a t i o n s ,  e s p e c i a l l y  r e g a r d in g  th e  
s p i r a l l i n g  n a tu r e  o f  f l o w  above th e  bed.
V I .  The i n t r o d u c t i o n  o f  a s lo p in g  r o o f  -  f ro m  th e  b o t to m  
o f  th e  c a l c i n e r / d r i e r  w a l l  t o  th e  to p  o f  th e  c a l c i n e r  
s e c t i o n  a t  th e  k i l n  end -  succeeded  o n ly  i n  i n c r e a s in g  th e  
f l u i d  v e l o c i t y  i n  l a t t e r  p a r t  o f  th e  g r a t e ,  w h i l e  th e  f l o w  
i n  th e  chamber b e lo w  was d i v i d e d  i n t o  two c o u n t e r - r o t a t i n g  
com ponents n e a r  tu b e  3.
V I I .  A l th o u g h  n o t  f e a s i b l e  i n  p r a c t i c e ,  due t o  th e  h i g h l y  
a b r a s iv e  n a tu r e  o f  d u s t  lo a d e d  k i l n  gases and th e  d e t r im e n t a l  
e f f e c t  o f  k i l n  f l o w  due t o  b a c k  p r e s s u r e ,  th e  h ig h  s w i r l i n g  
f l o w  g e n e ra te d  by  th e  a n g le d  b lo c k a g e  p l a t e  s i t u a t e d  i n  th e  
k i l n  tu b e  s i g n i f i c a n t l y  im p ro v e d  th e  f l o w  th r o u g h  th e  g r a t e .  
T h is  was a c h ie v e d  b y  a c c e l e r a t i n g  th e  k i l n  s h u te  f l u i d ,  
t h e r e b y  r e d u c in g  th e  s i z e  o f  th e  s e p a r a t io n  zo ne , e s p e c i a l l y  
above th e  s h u te .  Such a m o d i f i c a t i o n  i n  f l o w  c o u ld  be 
a c h ie v e d  by  l a t e r a l l y  o f f s e t t i n g  th e  g r a te  e x i t  and k i l n  
e n t ra n c e  and b y  i n s t a l l i n g  an a p p r o p r i a t e l y  d e s ig n e d  s h u te
to swirl the flow.
V I I I .  The .rem ova l o f  s lo w  m ov ing  f l u i d  f ro m  th e  h ig h  
p re s s u re  dead f l o w  zone above th e  s h u te  th ro u g h  th e  a l k a l i  
b y -p a s s  i n t a k e  -  as s u g g e s te d  by S c o re r  -  had a m in im a l  
e f f e c t  on th e  o v e r a l l  f l o w ,  e x c e p t  u n d e r  e x tre m e  c o n d i t i o n s  
where a lm o s t  a l l  th e  f l o w  was d i r e c t e d  th ro u g h  th e  d u c t .
IX .  The i n t r o d u c t i o n  o f  c o n v e n t io n a l  " c o a l "  b u rn e rs  f i r i n g  
p a r a l l e l  o n ly  exaggerated th e  e x i s t i n g  d e s ig n  f a u l t s .
Above th e  g r a t e ,  th e  e n t r a in m e n t  c a p a c i t y  o f  th e  j e t s  i n ­
c re a s e d  th e  movement o f  f l u i d  f l o w  above th e  k i l n  s h u te  as
w e l l  as th e  s i z e  o f  th e  s e p a r a t i o n  zone above th e  g r a te  -
th e  l a t t e r  b e in g  b r o u g h t  a b o u t b y  th e  d e v i a t i o n  o f  th e  k i l n  
f l o w .  Towards th e  end o f  th e  s e c t i o n  b e lo w  th e  g r a te  th e  
i n f l u e n c e  o f  th e  . r i d d l i n g s  in le a lc a g e  was o v e rw e ig h e d  by 
th e  in c r e a s e d  a u x i l i a r y  c o n t r i b u t i o n .  No im pro ve m en t was 
o b s e rv e d  i n  p o s i t i v e  t r a n s f e r  th r o u g h  th e  g r a t e .
X. The i n t r o d u c t i o n  o f  c o n v e n t io n a l  " c o a l "  b u rn e rs  f i r i n g  
p e r p e n d i c u l a r l y  t o  th e  k i l n  f l o w  changed th e  o v e r a l l  d i r e c t i o n  
o f  f l u i d  f l o w  i n  th e  s u c t i o n  cham ber. D epend ing  upon t h e i r  
p o s i t i o n  th e  p re d o m in a n t  a u x i l i a r y  f l o w  was e i t h e r  d i r e c t e d  
down th e  s h u te ,  d e f l e c t e d  f ro m  th e  end o f  th e  g r a te  and up
to w a rd s  th e  c e i l i n g  o r  th r o u g h  th e  g r a t e .
X I .  The t h e o r e t i c a l  c o n s id e r a t i o n s  n e c e s s a ry  f o r  th e  i n t r o ­
d u c t io n  o f  a c o a l  b u r n e r  w i t h i n  th e  c a l c i n e r  s e c t i o n  r e q u i r e d  
th e  a d o p t io n  o f  a 100% p r im a r y  a i r  b u r n e r ,  w h i l s t  th e  use
o f  s u i t a b l e  o i l  o r  gas b u r n e r '  was r e j e c t e d  on econom ic  
g ro u n d s .
X I I .  The a u x i l i a r y  v o r t e x  c o m b u s to r ,  a l t h o u g h  n o t  im p ro v in g  
th e  o v e r a l l  f l o w  above th e  b e d , s a t i s f i e d  a l l  th e  c r i t e r i a  
demanded w i t h o u t  a f f e c t i n g  th e  s u c t i o n  chamber a e ro d y n a m ic s .
X I I I .  The p o s i t i o n i n g  o f  th e  v o r t e x  chamber i n  th e  end 
w a l l  o f  th e  c a l c i n e r  s e c t i o n  was a n e c e s s a ry  o p e r a t i o n a l  
com prom ise . A t  a n g le s  above 1 2 ° ,  th e  f l o w  on th e  k i l n  s h u te  
was a f f e c t e d ,  w h i l e  a t  n o z z le  a n g le s  b e lo w  12° th e  h ig h  
e n t r a in m e n t  c a p a c i t y  o f  th e  u n iq u e  b u rn e r  d e f l e c t e d  th e  
e x - k i l n  f l o w ,  t h e r e b y  i n c r e a s in g  th e  s i z e  o f  th e  s e p a r a t io n  
z o n e .
W ith  m o s t o f  th e  a e ro d yn a m ic  p ro b le m s  i n  th e  L e p o l  
g r a te  c a l c i n e r  s e c t i o n  s tem m ing f ro m  th e  d e s ig n  o f  th e  s h u te ,  
i t  i s  i n t e r e s t i n g  t o  r e - a s s e s s  th e  o r i g i n a l  p a t e n t  a c c o rd e d  
to  L e l l e p  i n  1927 . A l th o u g h  th e  k i l n  s h u te  i n  th e  sys tem  
was v e r y  much s te e p e r  th a n  t h a t  i n  p r e s e n t  day o p e r a t i o n ,  
th e r e  a ls o  a p p e a rs  t o  be s e p a ra te  p a thw ays  f o r  gases and th e  
s o l i d s .
The sm ooth  c u rv e  a t  th e  e n t ra n c e  o f  th e  c a l c i n e r  
d i re c . te d  gases i n t o  a c o n v e rg e n t  c h a n n e l -  r e d u c in g  th e  
e f f e c t  o f  b o u n d a ry  l a y e r  s e p a r a t i o n .  One f u r t h e r  f e a t u r e  
o f  i n t e r e s t  was th e  s h a l lo w  c u rv e  o f  th e  r o o f  compared to  
th e  l a t e r  p r o t o t y p e ,  w i t h  th e  r e s u l t  t h a t  th e  s p i r a l l i n g  
f l o w  down th e  chamber may have been le s s  i n f l u e n t i a l .
W i th  m ost o f  th e  l a b o r a t o r y  i n v e s t i g a t i o n  c o m p le te d ,  
th e  n e x t  s ta g e  o f  th e  w o rk  in v o l v e d  th e  p ro p o s e d  a d o p t io n  
o f  c e r t a i n  re co m m e n d a t io n s  w i t h i n  th e  p r o t o t y p e .  D u r in g
th e  l a t t e r  s ta g e s  o f  th e  t h e s i s ,  th e  F e r r i b y  p l a n t  s u f f e r e d  
f ro m  s e v e re  c l i n k e r  s t r e n g t h  p ro b le m s  a s s o c ia te d  w i t h  to o  
la r g e  a g r a in  s i z e  due t o  th e  e x i s t i n g  f la m e  p r o f i l e  w i t h
Ith e  k i l n .  I n  o r d e r  to  a l e v i a t e  t h i s  p ro b le m ,  an a u x i l i a r y  
l i q u i d  f u e l  b u r n e r  was p o s i t i o n e d  i n  th e  L e p o l  s e c t i o n  r o o f  -  
w i t h  th e  i n t e n t i o n  o f  p r o v id i n g  a b e t t e r  p re p a re d  raw meal 
to  th e  k i l n .
The o r i g i n a l  i n t e n t i o n  had been to  o p e ra te  th e  a u x i l i a r y  
f u e l  on s o l v e n t  w a s te  -  s to c k s  o f  w h ic h  w ere u n f o r t u n a t e l y  
d e s t ro y e d  i n  a s u b s e q u e n t e x p lo s io n  and f i r e  a t  th e  w as te  
. d i s p o s a l  c o n t a c t o r s ,  a lo n g  w i t h  th e  a c c id e n t a l  d e a th  o f  an 
o p e r a t i v e .
I n  th e  p r e s e n t  d e p re s s e d  m a rk e t  (1 9 8 3 ) ,  in c r e a s e d  p r o d u c t ­
io n  i s  o f  low  p r i o r i t y ;  h o w e v e r ,  th e  r e s u l t s  f ro m  th e  b a f f l e  
w o rk  have  g e n e ra te d  g r e a t  i n t e r e s t  and have p ro m p te d  f u r t h e r  
model w o rk  t o  s im u la te  t h e i r  e f f e c t  on th e  a e ro d yn a m ics  o f  
th e  R o c h e s te r  g r a t e  i n  K e n t ,  w h ic h  has e ig h t  s u c t i o n  tu b e s  
b e lo w  th e  be d . A t  th e  t im e  o f  w r i t i n g ,  b o th  Southam and 
R o c h e s te r  had been m o d i f i e d ,  b u t  u n f o r t u n a t e l y  o p e r a t i o n  d a ta  
ya s i as y e t  u n a v a i l a b le .
A t  p r e s e n t ,  th e  econom ic  c l im a t e  i s  such t h a t  th e  
. c a p i t a l  in v e s tm e n t  i n v o l v e d  i n  d e v e lo p in g  th e  v o r t e x  b u rn e r  
w o u ld  n o t  be j u s t i f i e d .
H ow ever, as a p o s t s c r i p t  t o  t h i s  i n v e s t i g a t i o n ,  th e  p la n t  
t r i a l  u n d e r  ta k e n  b y  FERGUS132 i n  th e  F e r r i b y  L e p o l  g r a te  
d r i e r  s e c t i o n ,  fo u n d  t h a t  th e  h o t  gas d i s t r i b u t i o n  i n  t h i s
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a re a  was a ls o  f a r  f ro m  u n i f o r m ,  r e s u l t i n g  i n  an uneven and 
i n e f f i c i e n t  i n t e r a c t i o n  w i t h  th e  n o d u le s  i n  th e  bed . T h is  
f l o w  d i s t r i b u t i o n ,  w i t h  th e  h ig h e s t  gas v e l o c i t i e s  a t  th e  
edge o f  th e  g r a t e ,  was c r e a te d  by  th e  shape o f  th e  m a n i f o ld  
b r i n g i n g  gases i n t o  th e  cham ber.
I n  th e  l a b o r a t o r y  m o d e l,  a d i f f e r e n t  d e s ig n  o f  m a n i f o ld ,  
based on a n o th e r  p r o t o t y p e ,  p ro d u c e d  a d i f f e r e n t  d i s t r i b u t i o n  
b u t  w i t h  th e  same r e s u l t a n t  p ro b le m  t h a t  n o t  a l l  o f  th e  a v a i ­
l a b l e  g r a t e  a re a  wsa b e in g  used e f f e c t i v e l y .  As th e  d r y in g  
r e a c t i o n  i s  o f  v i t a l  im p o r ta n c e  to  th e  e n e rg y  co n s u m p t io n  o f  
th e  p ro c e s s  such a lo s s  i s  s i g n i f i c a n t .
One. m ethod s u g g e s te d  t o  b re a k -u p  th e  f l o w  o f  gases fro m  
th e  i n t e r m e d ia t e  fa n ,  was th e  i n s t a l l a t i o n  o f  a b lo c k a g e  i n  
th e  d u c t  i n  th e  fo rm  o f  a b l u f f  b o d y ,  th e r e b y  a l l o w in g  th e  
s u c t i o n  tu b e s  to  f u l l y  e x e r t  t h e i r  i n f l u e n c e  and e v e n -o u t  th e  
bed t r a n s f e r .
F u tu r e  w o rk  i s  t o  be p e r fo rm e d  on th e  m ode l as a r e ­
p r e s e n t a t i o n  o f  th e  F e r r i b y  d r i e r  s e c t i o n  w i t h  an a e rodyn am ic , 
r a t h e r  th a n  p h y s i c a l ,  b lo c k a g e  above th e  chamber th ro u g h  th e  
use o f  th e  v o r t e x  chamber, ..Th is  m o d i f i c a t i o n  w o u ld  're d u ce  th e  
v e l o c i t y ,  o f  gases i n  th e  d u c t  w i t h o u t  s i g n i f i c a n t l y  i n c r e a s in g  
th e  p r e s s u r e  d ro p  by u t i l i z i n g  th e  u n iq u e  j e t  p r o f i l e  o f  th e  
cham ber, m inus  th e  a x i a l  f u e l  i n p u t .
NOMENCLATURE
In  v ie w  o f  th e  w id e  ra n g e  o f  s u b je c ts  c o v e re d  i n  t h i s  
w ork  r e s u l t i n g  i n  v a r io u s  te rm s  a p p e a r in g  i n  d i f f e r e n t  g u is e s ,  
a fo rm a l  n o m e n c la tu re  i s  n o t  i n c lu d e d .  However th e  meaning 
o f  each te rm  used has been p re s e n te d  where an a s s o c ia te d  new 
e q u a t io n  i s  in t r o d u c e d  i n t o  th e  t e x t .
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iAPPENDIX I(a).
E v a lu a t io n  o f  T h ree  B a s ic  V a r i a b l e s : t
B Z - B u r n in g Zone Temp e r a t u r e .  
O X -P e rc e n ta ge o f  Oxy g en i n  E x i t  Gas. 
B E -B ack -end  T e m p e ra tu re .
APPENDIX l ( , b j .
KILN OPERATING PROCEDURES
Case Condition Action to be taken Reason
1 BZ low W h en  BZ is d rastica lly  low
O X  low a . reduce kiln  speed T o  increase burn ing zon e  and back-en d tem peratures
BE lo w b. reduce fuel T o  m ove the oxygen  percentage in to  range
W h en  BZ is sligh tly  lo w
c . increase I .D . fan speed T o  raise the b ack-en d  tem perature and  the oxygen  percen tage  for a c tion  (d )
d. increase Riel rate T o  raise burning zo n e  tem perature and to  return ox y g en  percentage in to  range
2 BZ low a. red uce kiln speed T o  raise burn ing zo n e  tem perature
O X  low b. reduce fuel ra e T o  raise oxygen  percentage for a c tio n  (c)
Be OK c. reduce I .D . fan  speed T o  m ain tain  back-en d  tem perature
3 BZ low a. reduce k iln  speed T o  raise burn ing /o n e  tem perature
O X  low b. reduce fuel rate T o  increase oxygen  percentage for a c tion  (c ) '
BE high c. reduce I .D . fan speed T o  reduce back-en d tem p eratu re (B ut be sure the BE is in a defin ite dow nw a
trend)
4 BZ low W hen BZ is d rastica lly  low
O X  O K a. R ed u ce  k iln  speed T o  raise both  the b ack-en d  and bu rn ing zo n e  tem peratures
BE low
W h en  BZ is s ligh tly  low
c. Increase I .D . fan sp eed T o  raise back-end tem perature and o x y g en  percentage for a c tio n  d.
d . Increase fuel rate T o  raise bu rn ing zo n e  tem perature
5 BZ low W h en  BZ is d rastica lly  lo w  and  oxy g en  is in low er part o f  range
O X  O K a. R ed u ce  k iln  sp eed T o  raise burn ing zon e  tem perature
BE O K b. R ed u ce  Fuel rate T o  raise oxygen  percentage for a c tion  c
c . R ed u ce  I .D . fan  speed T o  m ain ta in  b ack-en d  tem perature
W h en  BZ is sligh tly  lo w  and o x y g en  percentage in higher part o f  range
d . Increase fu el rate T o  raise burn ing zon e  tem perature
6 B Z  low W hen BZ is d rastica lly  lo w
O X  O K a. R ed u ce kiln  speed T o  raise burn ing zon e  tem p eratu re
BE high b. R ed u ce fuel rale T o  raise ox y g en  percentage for a c tion  c
c . R ed u ce  I .D . fan  speed T o  low er back-end tem perature
W h en  BZ is s ligh tly  lo w  and  o x y g en  in h igher part o f  range
d. R ed u ce  I .D . fan speed T o  reduce back-en d tem p eratu re and raise burn ing zo n e  tem p eratu re
7 BZ low W hen BZ is d rastica lly  lo w
O X  high a. R ed u ce Kiln speed T o  raise b oth  back-en d and bu rn ing zo n e  tem p eratu res ;
BE O K b. R educe I .D . fan speed T o  m ain ta in  back-en d tem p eratu re
W h en  BZ is s lig h tly  low
c . Increase fuel rate T o  raise burn ing zo n e  tem p eratu re and  low er oxygen  percen tage. Back-<
tem p eratu re sh ou ld  be rising  a lso ; if n o t, con tin u e  in creasin g- fuel rate, i
increase I .D . fan speed .
8 BZ low W h en  BZ is d rastica lly  lo w
O X  high a. R ed u ce k iln  sp eed T o  raise burn ing zo n e  tem p eratu re
BE O K b. R ed u ce  I .D . fan speed T o  m ain ta in  back-en d tem p eratu re. If ox y g en  is still ava ilab le  a fter th is me
increase fuel rate a lso .
W hen  BZ is s lig h tly  low
c. Increase fuel rate T o  raise burn ing zo n e  tem p eratu re and low er oxygen
9 BZ  low W h en  BZ is d rastica lly  lo w
O X  high a. R ed u ce  kiln speed T o  raise burn ing zo n e  tem perature
BE high b. R ed u ce  I .D . fan speed T o  low er back-en d tem perature and oxygen  percentage
c. Increase fuel rate T o  raise burn ing zon e  tem p eratu re and  low er percentage o f  oxygen
W hen  BZ is s lig h tly  low
d. R ed u ce  I .D . fan  speed T o  raise bu rn ing  zon e  tem p eratu re and  reduce back-en d  tem perature and oxy
percentage
10 BZ O K a. Increase I .D .  fan speed T o  raise back-end tem p eratu re and increase oxygen  p ercentage for a c tion  ‘b ’
O X  low
BE low b. Increase fuel rate T o  m ain tain  burn ing z o n e  tem perature
11 BZ O K a . D ecrease  fuel rate sligh tly T o  raise percentage o f  o x y g en
O X  low
BE O K
12 BZ O K a. R educe fu el rate T o  increase percentage o f  o x y g en  for ac tion  *b’
O X  low b. R ed u ce I .D . fan speed T o  low er back-end tem perature and m ain ta in  burn ing z o n e  tem perature
BE high
13 BZ O K a. Increase I .D .  fan speed T o  raise back-en d tem perature
O X  O K b. Increase fuel rate T o  m ain ta in  bu rn ing zo n e  tem perature
BE low
14 BZ O K N O N E . H o w ev er , d o  not get ov erco n fid en t.
O X  O K an d  keep  a ll co n d it io n s  un der c lo se  o b serva tion .
BE O K
15 BZ O K W h en  o x y g en  is in upper part o f  range
O X  O K a. R ed u ce  I .D . fan speed T o  reduce back-en d tem perature
BE high W h en  o x y g en  is in low er part o f  range
b. R ed u ce  fuel rate T o  rise oxygen  percentage for a c tio n  rc*
c . R ed u ce  I .D . fan sp eed T o  low er back-en d  tem p eratu re and m ain ta in  burning zo n e  tem p eratu re
16 BZ O K a. Increase I .D . fan speed T o  raise back-en d tem perature
O X  high b. Increase fuel rate T o  m ain ta in  burn ing z o n e  tem p eratu re and  reduce p ercentage o f  oxygen
BE low
17 BZ O K a. R ed u ce  I .D . fan speed T o  low er percentage o f  oxygen
O X  high sligh tly
BE O K
APPENDIX 1(b) continued.
BZ O K a. R ed u ce  I .D . fan  sp eed T o  low er back-cn d  tem perature and percent oxygen
O X  high b. R ed u ce  Tucl rate s ligh tly T o  m ain ta in  tu rn in g  zon e  tem perature
HE high  
BZ high W hen  B Z  is d rastica lly  h igh :
O X  low a. Increase kiln  sp eed T o  avo id  o v erh ea tin g  the bu rn ing zo n e
BE low b. Increase I .D . fan  sp eed T o  raise b ack-en d  tem perature and  oxy g en  percentage
c . R ed u ce  fuel rate  
W hen B Z  is sligh tly  h igh
d. Increase I .D . fan  sp eed T o  low er bu rn ing  zon e  tem perature and  raise b oth  oxygen  percentage and back­
i BZ  high W hen B Z  is d rastica lly  h igh :
end tem p eratu re.
O X  low a. Increase kiln  sp eed T o  avo id  o v erh ea tin g
BE  O K b. D ecrease  fuel rate T o  low er bu rn ing zon e  tem perature
c . Increase I .D .  fan speed T o  increase oxygen  percentage and m ain ta in  back-cn d  tem perature
W hen  B Z  is sligh tly  h ig h : 
d. R ed u ce  fuel ra le T o  low er  bu rn in g  zon e  tem perature and  raise ox y g en  percentage.
BZ high W hen B Z  is d rastica lly  h igh :
O X  low a. Increase kiln sp eed T o  low er  b ack -en d  tem perature and a v o id  ov erh ea tin g
BE high b. R ed u ce  fuel rate T o  low er bu rn in g  zo n e  and back-en d tem p eratu res and increase oxygen  per­
W hen B Z  is s lig h tly  h igh :  
c . D ecrease  fu el rate
cen tage
T o  low er  bu rn ing zon e  and back-cn d  tem p eratu res and increase oxygen  per­
! BZ  high W hen  B Z  is d rastica lly  h igh :
cen tage .
O X  O K a. Increase kiln  sp eed T o  a v o id  overh ea tin g
BE  low b. Increase I .D .  fan  speed T o  raise b ack-en d  tem perature
c . R ed u ce  fuel rate T o  low er b u rn in g  zon e  tem perature
W hen B Z  is s ligh tly  h igh : 
d . Increase I .D .  fan  sp eed T o  raise b ack -en d  tem perature and low er  th e burn ing zon e  tem perature. See
23 BZ high. W hen  B Z  is d rastica lly  h igh :
N o te  A .
O X  O K a. Increase kiln  sp eed T o  a v o id  overh ea tin g
BE  O K b. D ecrea se  fu el rate T o  low er  bu rn ing zon e  tem perature
c . In crease  I .D . fa n  sp eed T o  m ain ta in  back-cn d tem perature
W hen B Z  is s lig h tly  h ig h :  
d. R ed u ce  fuel rate T o  low er burn ing zo n e  tem p eratu re. S ee N o te  A .
24 B Z high W h en  B Z  is d rastica lly  h igh :
O X  O K a. Increase kiln  sp eed T o  a v o id  ov erh ea tin g  and low er b ack -en d  tem perature
BE high b. D ecr ea se  fu el rate T o  low er  bu rn ing zo n e  tem perature
W hen B Z  is s lig h tly  h igh :  
c . D ecrea se  fuel rate T o  low er  b o th  bu rn ing z o n e  and b ack -en d  tem p eratu res. See N o te  A .
25 BZ high W hen  BZ is d rastica lly  h igh :
O X  high a . Increase kiln sp eed T o  a v o id  overh ea tin g
BE low b. Increase I .D . fan  sp eed T o  increase b ack-en d  tem perature and low er  bu rn ing zo n e  tem perature
W hen  BZ is s lig h tly  h igh : 
c . Increase I .D .  fan  sp eed T o  raise b ack-en d  tem perature and low er  burn ing z o n e  tem perature. See N o te  A
2f> B Z high W hen  B Z  is d rastica lly  h igh :
O X  high a. Increase kiln  speed T o  avo id  overh ea tin g
BE O K b. Increase I .D . fan  sp eed T o  m ain ta in  back-cn d tem perature
c. D ecrea se  fuel rate T o  red uce burn ing zo n e  tem perature.
W h en  BZ  is s lig h tly  h igh : 
d. R ed u ce  fuel rate T o  low er bu rn ing  zon e  tem p eratu re. See N o te  A .
27 BZ high W hen BZ is d rastica lly  h igh :
O X  high a . Increase k iln  sp eed T o  low er burn ing z o n e  and b ack -en d  tem p eratu res
BE h igh b. D ecrease  fuel rate
W hen  B Z  is s lig h tly  h ig h :  
c . D e cre a se  fuel rate T o  low er  bu rn ing zon e  tem perature
d. D ecrea se  I .D .  fan  speed T o  low er  the back-en d tem p eratu re. Sec N o te  A .
N O T E  A : I f the percen tage  o f  oxy g en  inc '.eases du rin g th is a d ju stm en t, disregard it until the tem p eratu res are brought under co n tro l.
W ith  p r e c a l c i n i n g  on th e  L e p o l  G ra te ,  th e  bac lc-end 
te m p e ra tu re  o f  th e  l c i l n  does n o t  v a r y  a p p r e c ia b l y ,  th u s  
any change i n  th e  gas v e l o c i t y  th ro u g h  th e  s h u te  i s  
due to  a change i n  vo lum e o f  c o m b u s t io n  gases o r  ca rb on  
d io x id e  f ro m  th e  raw  m a t e r i a l s .
The f o l l o w i n g  r e s u l t s  w ere  o b ta in e d  f ro m  th e  Dunbar 
p r e c a l c i n e r  sys te m :
W i th o u t  a u x i l i a r y  b u r n e r .
Assum ing  3 3 t . p . h  @11.5% s p e c i f i c  c o a l  c o n s u m p t io n ( s e e ) , 
th e  gas vo lum e f ro m  c o m b u s t io n  = 1 6 ,4 6 0  cfm  @ NTP.
The gas vo lum e g iv e n  o f f  f ro m  th e  raw  m a t e r ia l s  i n  th e
k i l n ,  (a ssum in g  40% d e c a r b o n a t io n  on th e  bed)
= 3280 cfm  @ NTP.
T h e re fo re  th e  t o t a l  k i l n  e x i t  vo lum e
= 19740 cfm  @ NTP.
W i th  a u x i l i a r y  b u r n e r .
Assum ing  3 7 .5  tp h  @ 9.2% see i n  th e  k i l n ,  
th e  gas vo lum e f ro m  c o m b u s t io n  = 14970 cfm  @ NTP.
The gas vo lum e g iv e n  o f f  f ro m  th e  raw  m a t e r ia l s  i n  th e
k i l n  (a ssu m in g  80% d e c a r b o n a t io n  on th e  bed)
= 1240 cfm  @ NTP.
T h e re fo re  th e  t o t a l  k i l n  e x i t  vo lum e
= 16.210 cfm  @ NTP.
Thus th e  r a t i o  o f  K i l n  E x i t  V o lu m e s / V e lo c i t i e s  w i t h  .and 
w i t h o u t  a u x i l i a r y  f i r i n g  i s  1 : 1 . 2 2 .
iv
APPENDIX II.
VT a k in g  th e  h y p o t h e t i c a l  case when th e  same o u tp u t  
( i e  3 7 .5  tp h )  was a c h ie v e d  f ro m  n o rm a l b u r n in g  a t  th e  same 
c o a l  c o n s u m p t io n ,  th e n  th e  gas vo lum e f ro m  co m b u s t io n
= 1 8 700cfm @ NTP.
The gas vo lum e g iv e n  o f f  f ro m  th e  raw  m a t e r ia l s  i n  
th e  k i l n  ( assum ing  40% d e c a r b o n a t io n  on th e  bed)
= 3730 cfm  @ NTP.
T h e re fo re  th e  t o t a l  k i l n  e x i t  vo lum e
= 2 2 ,4 3 0  cfm  @ NTP.
Thus th e  K i l n  E x i t  V o lu m e / V e lo c i t y  w i t h  th e  a u x i l a i r y  b u rn e r  
i n  use i s  a p p r o x im a te ly  70% o f  t h a t  i f  th e  same o u tp u t  w ere 
to  be a c h ie v e d  w i t h o u t  a u x i l i a r y  f i r i n g  b u t  w i t h  in c re a s e d  
k i l n  b u r n e r  c o n s u m p t io n .
vi
APPENDIX III
The s w i r l  v a lu e  o f  th e  c y c lo n e  cham ber, based  on d e s ig n  
d im e n s io n s ,  was c a l c u l a t e d  f ro m  e q u a t io n  ( 2 . 1 0 2 ) :
S =
7T D D e o
4 AT
t a n g e n t i a l  f l o w  r a t e  
t o t a l  f l o w  r a t e
96
where
and
D = e x i t  t h r o a t  d ia m e te r  e
= 1 .9 4  x  10 2 m
D = chamber d ia m e te r  o
= 1 .0 0  X  1 0 " 1!!!
Aj  = t a n g e n t i a l  i n l e t  a re a  
= tt/ 4  ( 1 .3  x 10“ 2) 2
t a n g e n t i a l  _ 66
t o t a l  75
Thus, S = 5 . 0 5 .
